
INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films 
the text directly from the original or copy submitted. Thus, some thesis and 
dissertation copies are in typewriter face, while others may be from any type of 
computer printer.

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality illustrations 
and photographs, print bieedthrough, substandard margins, and improper 
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and continuing 
from left to right in equal sections with small overlaps.

ProQuest Information and Learning 
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 

800-521-0600

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ADSORPTION AND SYNERGISM IN SUPERSPREADING OF 

TRISILOXANE SURFACTANT-N-ALKYL PYRROLIDINONE MIXTURES 

ON POLYETHYLENE SUBSTRATES

BY

YONGFU WU

A dissertation 
Submitted to the Graduate Faculty in Chemistry 

in partial fulfillment of the 
requirements for the degree of 

Doctor of Philosophy,
The City University of New York

2002

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number 3063898

Copyright 2002 by 
Wu, Yongfu

All rights reserved.

UMI*
UMI Microform 3063898 

Copyright 2002 by ProQuest Information and Learning Company. 
All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



© 2002 

Yongfu Wu 

All Rights Reserved

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This manuscript has been read and accepted for the Graduate Faculty in 
Chemistry in satisfaction o f the dissertation requirement for the degree of 
Doctor of Philosophy.

  >

Data Chair of Examining Committee

. &  j
D a te  1 Executive Officer

Dr. Richard Pizer

Dr. Manilal Dahanayake

r. James Batteas

Supervisory Committee

The City University of New York

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



THE CITY UNIVERSITY OF NEW YORK

Abstract

Adsorption and Synergism in Superspreading of 
Trisiloxane Surfactant -N-alkyl Pyrrolidinone Mixtures 

on Polyethylene Substrates

by

Yongfu Wu

Advisor: Professor Milton J. Rosen

To investigate the mechanism(s) of synergism in superspreading, 

surface tensions, contact angles and adsorption isotherms of surfactant 

aqueous solutions have been measured. It was found that the adsorption of 

trisiloxane surfactant(L77) from its aqueous solution onto powered polyethylene 

can be remarkably enhanced by the addition of certain N-alkyl pyrrolidinones 

and that there is a significant attractive interaction between the surfactant 

molecules at the polyethylene/aqueous solution interface. The reductions in 

interfacial pressure at the liquid/air, solid/liquid and solid/air interfaces caused 

by the surfactant mixtures have been evaluated by use of the Gibbs equation. 

The surface tension at the liquid/air interface is always increased in the 

mixtures, indicating that there is no synergism at this interface upon the addition 

of N-alkyl pyrrolidinones. However, the interfacial pressure at the solid/liquid
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interface is increased when L77 and the proper N-aikyl pyrrolidinone are mixed 

at a certain ratio, indicating that the mixtures can show synergistic effect at this 

interface. Compared with the changes at the liquid/air interface and the 

solid/liquid interface, the change at the solid/air interface is insignificant. The 

change in the spreading coefficients on polyethylene film of aqueous solutions 

of L77, when mixed with the N-alkyl pyrrolidinone is in almost the same order 

as that of their enhancement o f the spreading.

In order to investigate the cause of the changes in interfacial tensions at 

the various interfaces produced by replacement of L77 by N-alkyl pyrrolidinone, 

interaction parameters (P) of L77 with the different pyrrolidinones at the various

interfaces were determined. for all mixtures was between 0 and -1, 

indicating that the interaction at the air/aqueous solution interfaces is very 

weak. However, the values of p |L were between -2.7 and -6.7 for the mixtures

with those N-alkyl-pyrrolidinones that produce enhancement of the 

superspreading of aqueous solution of L77 on polyethylene, indicating a 

significant attractive interaction with L77 at the polyethylene/aqueous solution 

interface. The order of increasing negative p |L values is L77-C2,6P>L77-

C6P>L77-C8P> L77-CHP> L77-C4P, which is exactly the same as the order of 

increasing enhancement of superspreading. This attractive interaction results in 

a remarkable enhancement o f adsorption of L77 onto polyethylene from the 

aqueous solution of the mixtures.
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1

CHAPTER 1 

INTRODUCTION

1.1 General Aspects

It is well known that spreading of a liquid on a solid or wetting of a solid 

surface by a liquid is a basic component in many natural processes and 

commercial technologies. Some examples include the spreading of liquids such 

as coatings or inks on substrates ranging from clean metals to plastics, the 

penetration of inks into porous substrates such as paper, and the spreading of 

pesticide formulations on waxy weed leaf surfaces. Most application areas have 

their own specialized literatures11-ai and test methods [9-161. Over many years, 

the subject of the solid/liquid interface and related phenomena, such as wetting 

and spreading, has attracted considerable interest from chemists, especially 

surfactant chemists, and has been the focus of a wide range of investigations 

because of its theoretical and practical implications117-241.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2

Recent work on the spreading behavior of the polysiloxane-based 

surfactants has found that aqueous solutions of certain trisiloxane surfactants 

have the ability to spread on hydrophobic surfaces to a much greater extent 

than aqueous solutions o f hydrocarbon-based surfactants, even when the latter 

surfactants are excellent wetting agents for other substrates1251. Such unusual 

spreading behavior is now often called "superspreading" or "superwetting". 

During the last decade, this spreading of aqueous trisiloxane surfactant 

solutions over low-energy hydrophobic surfaces has been of great interest to 

chemists126' 351 because of their extraordinary spreading ability. Superspreading 

is usually aschbed to the ability of the trisiloxane surfactant to decrease the 

surface tension of the aqueous spreading solution to 20-21 mN/m, which is 

significantly lower than the minimum tension of 25 mN/m attainable with an 

aqueous hydrocarbon chain surfactant.

Most noteworthy is the finding of “synergism” in the superspreading of 

aqueous mixtures of a trisiloxane surfactant and a hydrocarbon chain surfactant 

over hydrophobic substrates, such as Parafilm and polyethylene. Recent 

investigations in our laboratory136 371 have revealed that certain surface active 

materials with short hydrophobic chains, such as N-butyl, hexyl-, octyl- and 2- 

ethyhexyl-pyrrolidinones, although their aqueous solutions do not spread 

significantly on hydrophobic surfaces, when mixed with aqueous solutions of
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ethoxylated trisiloxane, such as SILWET L77, can remarkably enhance the 

spreading ability of the latter on Parafilm and polyethylene, even when the total 

concentration is kept constant.

We have found that this synergistic effect is not associated with any further 

lowering of the surface tension of the solutions. To date, various theories have 

been proposed to explain the superspreading behavior of trisiloxane aqueous 

solutions on low-energy hydrophobic surfaces, a great deal of work has been 

done, and a considerable number of papers have been published138-501. 

However, very few papers136 511 have been published related to synergism in the 

superspreading of aqueous solutions of mixtures of trisiloxane surfactant and 

hydrocarbon chain surfactants. Consequently, the mechanism of such 

synergism is not yet understood. The purpose of this investigation was to 

elucidate the mechanism involved in the “superspreading” of certain trisiloxane 

surfactants, especially the phenomena leading to “synergism” in the 

superspreading.

1.2 Overview

1.2.1 Siloxane Surfactants

Siloxane surfactants consist of dimethysiloxane groups coupled to one or 

more polar groups1521. Siloxane surfactants of the proper structure can lower
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aqueous surface tension to smaller values than can be achieved by using 

hydrocarbon surfactants, to values as low as 20 mN/cm. The ability of siloxane 

surfactants to promote spreading plays an important role in their use in paints 

and coatings1521, personal care products153-571, cosmetics158-621, textiles1631, the 

lubrication oil industry1641 and agrochemicals as adjuvants for pesticides and 

herbicides166-721. Gradzielski et al.1731 attributed the good wetting properties of 

siloxane surfactants to low adhesive forces between individual molecules in 

interfacial films. Vick1531 found that the time to wet by the Draves wetting test 

depended on the size o f the siloxane hydrophobic group and the length of the 

polyoxyethylene group -  the most rapid wetting was observed for the surfactant 

with the shortest siloxane groups and the smallest EO groups.

1.2.2 Superspreading

The unique ability o f certain low molecular weight siloxane surfactants to 

promote wetting and spreading of dilute aqueous solutions on hydrophobic 

surfaces such as Parafilm® and Polyethylene was discovered in the 1960s174"781 

and has been the subject of numerous patents and papers since then. The 

ability of the trisiloxane surfactants to promote spreading on waxy weed leaf 

surfaces such as Velvetleaf and Lambsquarter is the basis of their use as 

herbicide adjuvants or wetting agents.
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The molecular structure of the trisiloxane surfactants, and the origin of the 

difference between the hydrocarbon and siloxane surfactants is illustrated in 

Figure 1.

Figure 1 shows that the surface active character of the trisiloxane 

surfactants is due to the methyl groups -  the surface energy of a methyl- 

saturated surface is about 20 mN/m1791. In contrast, most hydrocarbon 

surfactants contain alkyl or alkylaryl hydrophobic chains which consist of mostly 

-C H 2-  groups. The surface energy of such a surface is dominated by the 

methylene groups and for this reason hydrocarbon surfactants typically achieve 

surface tension of about 25 mN/m or higher. Thus, the lower surface tensions 

given by siloxane surfactants can be traced directly to the different surface 

energies of -CH3-  vs .-CH2~.

The need to better understand the superspreading of siloxane derivatives 

has prompted experimental investigations of a number of aqueous surfactant 

solutions and dispersions. Early work was aimed at spreading dynamics of 

aqueous surfactant solutions on strongly hydrophobic surfaces1801. Recently, 

Zabkiewicz and Gaskin1811 , Gaskin and Kirwood1821, and Knoche et al.1831 

reported that a trisiloxane surfactant denoted M(D’EgOMe)M, can be used as a 

very effective wetting agent for water-based herbicides on fairly hydrophobic 

plant leaves, where M-(CH3)3SiO, E„ =(OCH2CH2)n, Me =CH3, and D’ 

=-S i-C H 3(R).
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Figure 1. Hydrophobic Group Structures of

(a) A Typical Hydrocarbon Surfactant

(b) A Typical Trisiloxane Surfactant
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Table 1 lists the nomenclature and structure of a number of siloxane 

surfactants.

Table 1. Nomenclature and Structure of Silicone Surfactants

Surfactant* Structure Manufacture6

M(D’E*OH)M (Me3SiO)2Si(Me)(CH2)3(OCH2CH2)4OH DCC

M(D'EaOH)M (Me3SiO)2Si(Me)(CH2)3(OCH2CH2)8OH DCC

M(D’E8OMe)M (Me3SiO)2Si(Me)(CH2)3(OCH2CH2)8OMe OSi

M(D'E8OAc)M (Me3SiO)2Si(Me)(CH2)3(OCH2CH2)8OAc DCC

M(D’E,2OH)M (Me3SiO)2Si(Me)(CH2)3(OCH2CH2)i2OH DCC

MDM’EaOH Me3SiOSi(Me2)OSi(Me)(CH2)3(OCH2CH2)8OH DCC

" Me. CH3; M. Me3SiO, D', Si(Me)(CH2-; E„, (OCH2CH2)„; Ac. 0C(C=0)CH3
b

DCC, Dow Coming Corporation. Midland, Ml; Osi, Osi Specialties, Inc.

Svitova et a 1.1281 measured interfacial tensions between a series of 

normal alkanes and 0.5 wt% solutions of M(D’EaOH)M. Their results showed 

that the interfacial tension varied linearly with surfactant concentration in the 

bulk solution between about 0.025 mN/m for hexane to 0.4 mN/m for 

hexadecane. These small values indicate that trisiloxane surfactants are very 

effective at lowering interfacial tensions against low energy hydrocarbon 

substrates. Thus, the trisiloxane surfactants meet both criteria for spreading
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over low energy hydrocarbon substrates -  small surface and interfacial 

tensions. However, the actual spreading behavior exhibits a number of features 

which cannot be easily explained, e.g., the synergistic effect in superspreading 

without an association with a further lowering in surface tension.

Kanner et al1761 observed that “certain methysiloxane-polyether copolymers 

with low surface tension in aqueous solution spread rapidly to a thin film on low 

energy hydrophobic surfaces such as polyethylene and polystyrene”, and that 

“the best wetting agents are based on siloxane hydrophobic groups containing 

2 to 5 silicon atoms and have surface tension of 20-21 dyns per cm", and 

further, that “these wetting agents are also characterized by a rather specific 

solubility balance... for optimum wetting, a surfactant must have a limited but 

finite solubility in water”.

Ananthapadmanabhan et al.[848S1 investigated the spreading behavior of 

several siloxane surfactants on Parafilm5. They also observed relationships 

between turbidity and spreading, equilibrium surface tension and spreading. 

These authors stated that “the structure itself of the SSI molecule plays a 

governing role in determining its superior properties”. Much of the literature 

dealing with the spreading of the trisiloxane surfactants describes the spreading 

properties in terms of spreading area, spread diameter, or a spread index, 

which is a ratio to some benchmark condition. The spread area is usually 

defined as the area of a spread droplet after some fixed length of time.
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Zhu et a l.125 861 measured spreading rates of M(D’E8OMe)M on Parafilm® 

using a video method. They found that the spread area increased linearly with 

time to a plateau value that was proportional to the surfactant concentration -  

the droplets spread until the inventory of surfactant to cover the air/aqueous 

solution and aqueous solution/substrate interface was exhausted. They also 

found a maximum in spreading rates as a function of surfactant concentration 

and showed that the spreading rate was linearly related to dispersion turbidity 

and sensitive to humidity. The dependence on humidity was taken to indicate 

the need for a pre-existing water film on the surface, and the rapid spreading 

was attributed to Marangoni effects1671.

The critical surface tension of wetting of Parafilm® is about 23dyn/cm[861. 

Both M(D’EaOMe)M and M(D’Ei20M)M, a more hydrophilic trisiloxane 

surfactant, have aqueous surface tensions above their CMC of about 20.5 

dyn/cm. However, M(D’Ei20H)M does not wet Parafilm® at all. The reason for 

such big difference was not explained by the investigators. Zhu et al did not find 

any hydrocarbon surfactants which wet Parafilm®.

Lin et al.[26-861, working with M(D’E8OH)M, confirmed the concentration 

maximum using a quartz crystal microbalance (QCM) to measure spreading 

rates on gold substrates whose surface energies were modified by mixtures 

with various ratios of HS(CH2)isCOOH to HS(CH2)i5CH3 and showed that there
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was also a maximum in spreading rates as a function of substrate surface 

energy. They also discovered that M(D’E i2 0 H)M spreads with similar 

characteristics, except that it is somewhat lower at its maximum value, and 

does not spread on Parafilm9.

Stoebe et al. 127 89 901 used an image analysis method to measure spreading 

rates (on gold-coated substrates whose surface energies were modified by 

mixtures with various ratio of HS(CH2)nCH2 0 H to HS(CH2)nCH3) for solutions 

of several trisiloxane surfactants vs. surfactant concentration, substrates 

surface energy, relative humidity, and temperature. They also found that spread 

area increases linearly with time, and that there are maximum rates vs. 

concentration and substrate surface energy. They found that the sensitivity to 

humidity depended on the type of substrate -  for Parafilm9  the effect of 

humidity is strong, but for smoother surfaces it is much weaker.

Stoebe et a 1.1291 have also observed spreading by trisiloxane and 

hydrocarbon surfactants on mineral oil. The behavior was similar to that on solid 

surfaces, except that spreading rates are higher by a factor of 1 0  -  2 0  and there 

was not a concentration maximum. For the EO4 homologues, they observed 

stepwise sprading events which correlated with disintegration of visible droplets 

of surfactant-rich phase.
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CHAPTER 2 

THEORETICAL BACKGROUND

2.1 Spreading Wetting

In spreading wetting (shown in Figure 2), a liquid in contact with a substrate 

spreads over the substrate and displaces another fluid, such as air, from the 

surface. For the spreading to occur spontaneously, the surface free energy of 

the system must decrease during the spreading process. When the area of an 

interface increases, the surface free energy at that interface increases; when 

the area decreases, the surface free energy decreases. In Figure 2, if the liquid 

spreads from C to B, covering an area a, then the decrease in surface free 

energy of the system due to decrease in area of the substrate/air interface is

a x 7sa - where Ysa is the interfacial free energy per unit area of the substrate in

equilibrium with liquid-saturated air above it. At the same time the free energy of 

the system has been increased because of the increase in liquid-substrate and
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Air (A)

Liquid (L)

Y sa
Y sl

B C

Substrate (S) (Side view)

B C

(Top view)

Figure 2. Spreading Wetting of a Liquid on a Solid Substrate

liquid-air interfaces. The increase in surface free energy of the system due to 

the increase in the liquid-substrate interface is axySL, where ySLis the

interfacial free energy per unit area at the liquid-substrate interface, and since 

the liquid-air interface has also been increased by area a, the increase in 

surface free energy due to increase in this interface is a x y ^ ,  where y ^  is the
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surface tension of liquid. Therefore, the total decrease in surface free energy 

per unit area of the system due to the spreading wetting, -A G w /a, is

Ysa ~ ( V s l  + Y l a ) -  the quantity ysa  ~ ( Y s l  +  Y l a ) ' s  positive, the system 

decreases in surface free energy during the spreading process, and the 

process can then occur spontaneously. Otherwise, If the quantity 

Ysa _ ( y s l  +  Y l a )  >s negative, the system increases in surface free energy 

during the spreading process, and the process cannot occur spontaneously.

The quantity y SA - ( y s l + Y l a )  is then a measure of the driving force 

behind the spreading process, and is usually called the spreading coefficient 

SL/S. If Su s , as defined by

s l / s  = - A G w / a  =  YsA ~ ( Y sl  + Y l a ) ( 1 )

is positive, spreading process can occur spontaneously; if SL/S is negative, the

liquid will not spread spontaneously over the substrate. Furthermore, it is 

expected that the more positive the spreading coefficient, the greater the 

spreading area made by liquid over substrate.

2.2 The Contact Angle

The contact angle. 0 , that the liquid makes when it is at equilibrium with 

other phases in contact with it is related to the interfacial free energies per unit
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area of those phases. When the liquid is in equilibrium with other two phases, 

gas and solid substrate, we can diagram the contact angle 0 as shown in 

Figure 3.

Yla

Air (A)

Liquid (L)

YslY s a

B C

Substrate (S) (Side view)

Air (A) Liquid (L)

Aa
Substrate (S) (Top view)

Figure 3. Contact Angie (0) of a Liquid Made with a Solid Substrate

For a small reversible change in the position o f the liquid on the surface so as to 

cause an increase in the liquid/solid interfacial area of Aa, there is a 

corresponding decrease Aa in the area of the solid/air interface and an increase 

in the liquid/air interface o f Aa • cos 6. Thus,
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AGW =  ~ Y sa  ‘ A a  +  Ysl ‘ A a  +  Yla ' Aa c o s 0  (2 )

As Aa -► 0 , aGw -► 0, This means

-  Ysa d a  +  YsL ■ da + Yla -da - c o s ©  = 0 (3)

Therefore, Y l a  cose = ysa  -  Y s l (4)

Equation (4) is generally called Young's equation and the quantity y ^  cos 6, the 

adhesion tension. Note that y ^  , the interfacial tension in equilibrium with the 

gas and solid phases in the system, is not y s , the free energy per unit area of 

the solid in a vacuum, but y s -  i t , where n is the reduction in interfacial free

energy per unit area at the solid/air interface resulted from adsorption of vapor 

by liquid; that is, n = ys -  y ^ .

If the contact angle is larger than 0°, then the spreading coefficient 

cannot be positive or zero. Since SL/s =  y ^  - ( y SL + y LA) = y SA -  Y s l  -  Y la .  a n d

Ysa ~ Y s l  =  Y la  cos0 when 0 > 0°, substituting y ^  cos0 for y ^  - y SL yields:

When 0  is finite, (cos6 -1 )is  always negative, and SL/s, too, is always

s l / s =  Y la  COS0 -  y ^  = y l A ( c o s 0 - 1 ) (5)
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negative. If the contact angle is 0, then SL/s may be zero or positive. In the 

either case, complete spreading wetting occurs.

2.3 Surface Tension

As described in part 2.1, the interfacial free energy is the minimum 

amount of work required to create that interface. The interfacial free energy per 

unit area is what we measure when we determine the interfacial tension 

between two phases. It is the minimum amount of work required to create unit 

area of the interface or to expand it by unit area. When we measure the surface 

tension of a liquid, we are measuring the interfacial free energy per unit area of 

the boundary between the liquid and the air above it. Also, as we calculated in 

part 2.1, when we expand an interface, the minimum work required to create 

the additional area, e.g., A a , of that interface is equal to the product of the 

interfacial tension( y ) times the increase area of the interface, i.e., Wmin = v A a . 

A surfactant is a substance that, when present at very low concentration in a 

system, has the property of adsorbing onto the surface or interface of the 

system and of altering to a marked degree the amount of work required to 

expand those interfaces. Surfactants usually act to reduce interfacial free 

energy rather than to increase it, although there are occasions when they are 

used to increase it.

It is well known that the molecules at a surface have higher potential
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energies than those in the interior. This is because they interact more strongly 

with the molecules in the interior of the substance than they do with the widely 

spaced gas molecules above it. Work is therefore always required to bring a 

molecule from the interior to the surface.

Surfactants have a characteristic molecular structure consisting of a 

structural group that has very weak attraction for the solvent like water, known 

as hydrophobic group, together with a group that has strong attraction for the 

water, called the hydrophilic group. The typical structure of surfactants is shown 

in Figure 1. When a surfactant is dissolved in water, the presence of the 

hydrophobic group in the interior of water may cause distortion of the water 

molecules, increasing the free energy of the system. Meanwhile, the presence 

of the hydrophilic group prevents the surfactant molecules from being expelled 

completely from the water as a separate phase.

2.4 Adsorption of Surfactant Solution

As discussed in the previous part, one of the characteristic features of 

surfactants is their tendency to adsorb at interfaces in an oriented fashion. This 

adsorption has been intensively studied to determine (1) the concentration of 

surfactant at the interface; (2) the orientation of the surfactant at the interface; 

and (3) the energy changes such as AG, AH and AS in the system, resulting 

from the adsorption. These quantities are very important in research on
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surfactants, since they provide information on the type and mechanism of any 

interactions involving the surfactant at the interface and the efficiency and 

effectiveness of its operation as a surface-active material. The efficiency is 

defined as a measure of the equilibrium concentration of surfactant in the liquid 

phase necessary to produce a given amount of effect, and the effectiveness is 

defined as the maximum effect that the surfactant can produce in that interfacial 

process irrespective of concentration.

2.4.1 Adsorption at the Air/Liquid Interface

2.4.1.1 Gibbs Surface

As discussed in the previous part, surfactant molecules have the 

tendency to concentrate at interfaces such as the air/liquid interface. However, 

the region of the interface is so small, compared with the bulk solution phase, 

that it is difficult to determine directly the amount of surfactant adsorbed per unit 

area of the air/liquid interface. A diagram of the interface is shown below.

Phase a

A A’

S S’

B B

Phase b
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The phases above the plane A -A ’ and below the plane B-B' are 

homogeneous bulk phases a and b, e.g., air phase and bulk solution phase. 

The range between A -A ' and B-B ’ is the interface or surface. In this range the 

compositions and properties are uniform within the plane that parallels to the 

A -A ' and B-B ’ planes and continuously change along with the perpendicular 

direction of the planes. In the actual case, the boundaries between bulk and 

interfacial phases are not sharp, and the thickness of the surface is usually in 

the range of 1nm. It is very difficult to get information about the changes of the 

composition and properties in the direction of the bulk phase.

There are some different models used in the thermodynamic treatments of 

the interfacial phase. The Gibbs surface, the most convenient and widely 

accepted model, is an imaginary surface, that is a plane S-S' between A -A ’ 

and B -B ’ planes. It is a 2-dimensional geometry plane and is selected as the 

interfacial phase.

On the interface phase the composition is described by n* called surface 

excess. The surface excess concentration r, is a surface excess per unit area 

and represents the adsorption of component / on the surface

r, = n* / A (6)
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In order to fix the position of the Gibbs surface, the usual convention is to 

set the dividing surface S-S' such that r, = 0 and adsorption of components

other than 1 is called relative adsorption, r,1[91].

2.4.1.2 Gibbs Equation

The relationship between surface excess concentration of solute, C, and 

the slope of plot of surface tension vs. concentration, dy/dC, is called the Gibbs 

equation.

The fundamental Gibbs equation for adsorption, derived by J. W. 

Gibbs1921 in 1878 from thermodynamic concepts1931, is as the following:

dy = -SsdT-£r,dn, (7)
I

where Ss corresponds to the surface entropy, r, denotes the surface excess 

per unit area of component i and its chemical potential. Equation (7) is one 

of the fundamental equations of surface chemistry.

Considering a two-component system, such as a solute in a solvent, and 

at condition of constant temperature, Eq. (7) becomes

dy = - r1dn1- r 2dn2 (8)

If the surface phase is chosen in a position that the surface excess of one 

component, usually solvent, is zero, i.e., r , = 0 , then
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dy = - r 2dp2 (9)

At thermodynamic equilibrium of the system

h I = = ^ 2  +RTInf2C2 (10)

where C2 is the concentration and f2 is activity coefficient of the solute in bulk 

solution phase. In dilute solution, f2 is chosen as unity to a first approximation. 

Substituting Eq. (10) into Eq. (9) fo r// gives

For a surface active component the surface excess concentration, r 2, can be 

considered equal to the surface concentration, r , without significant error. Eq. 

(12) is the form in which the Gibbs equation is commonly used for nonionic 

surfactants containing no other materials. When y is in dyn/cm and

R = 8.3143xl07ergs-m or1K-1,then r is in  mol/cm2.

The area per molecule at the interface provides information on the 

degree of packing and the orientation of the adsorbed surfactant molecule, 

when compared with the dimensions of the molecule as obtained by use of 

molecular models. From the surface excess concentration, the area per 

molecule at the interface a * , in square angstroms is calculated from the relation

or

dy = - r 2RTdlnC 

dy = -R TfdlnC

(11)

(12)

a* = 1016 (13)
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where N = Avogardo’s number and T, is in mol/cm2.

The Gibbs equation for a mixture of two or more nonionic surfactants in 

dilute solution (10'2 M or less) can be written as:

d y  = -RK^dlnC, + r2dlnC2) (14)

where r, is excess concentration at interface of component 1, r2 is excess 

concentration at interface of component 2. C, is the concentration of 

component 1 in bulk solution phase. C2 is the concentration of component 2 in 

bulk solution phase. If we use r t stand for the total excess concentration at the 

interface of component 1 and component 2. C, for the total concentration of 

component 1 and component 2 in the bulk solution phase, then

Pi + r 2 = r t (15)

and C1+C2 s Ct (16)

If we use x, as the mole fraction of component 1 in the bulk solution

phase, the other one must be (1 -  x ,). Therefore.

C , - x , . C t (17)

C2 = ( 1 - x 1) C t (18)

Substituting Eq. (17) and (18) into (14) yields:
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dY = - R T ^ d ln f x A ) + r 2dln[(1 -  x, )Ct]}

= -R Tfodfln x, + lnCt ) + r 2d[ln(1 -  x ,) + InC,]} 

= -R T{r,(d ln x, + dlnCt ) + r 2[dln(1 -  x ,) + dlnCJ} (19)

For a series of mixtures with different total concentrations, C( , if the mole

fractions of both components are fixed, they will not change with the 

adsorptions, e.g., the adsorption at the air/liquid interface is so small that the 

concentration of surfactants in the bulk solution phase at the equilibrium can be 

considered to be the same as initial concentration. Consequently, the mole 

fractions x, and 1 - x 1 are constants. Therefore

dlnx, =d ln (1 -x1) = 0 (20)

Substituting Eq. (20) into Eq. (19) yields:

dy = -R T [r1dlnC l + r 2dlnCt]

= -RT(r,+r2)dlnCt (21)

Substituting Eq. (15) into Eq. (21) yields:

dy = -RTTt dlnCt (22)
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2.4.2 Adsorption at the Liquid/Solid Interface

2.4.2.1 Mechanisms of Adsorption

The adsorption of surfactants on solid surfaces is the basis for many 

technical applications of these substances. Generally, the following factors 

determine the extent and orientation of adsorption at the solid/liquid interface: 

(1) Types of solvent: aqueous or nonaqueous, and additives such as 

electrolytes, short chain alcohols, etc.. (2) Surface properties of the solid 

adsorbents where the solids differ according to the specific surface, porosity, 

and chemical composition. (3) Variation in surfactant structure with respect to 

type and size of the hydrophilic or hydrophobic group.

Adsorption may be influenced, in addition to the properties of the 

components, by parameters of the system, e.g., temperature and pH. Because 

of the variables cited, there are many different adsorption mechanisms that 

influence the enrichment of surfactant at the solid/liquid interface194 951. Rosen 

has classified the adsorption mechanism of ionic and nonionic surfactants as 

follows t96]:

1. Ion exchange: This mechanism involves the replacement of counter­

ions adsorbed onto the substrates from solution by similarly charged surfactant 

ions.

2. Ion pairing: Adsorption o f surfactant ions takes place from solution 

onto oppositely charged sites unoccupied by counterions.
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3. Hydrogen bonding: Adsorption takes place by hydrogen bonding 

between substrate and adsorbate.

4. Adsorption by polarization of rz electrons: Adsorption on solid 

surfaces is the result of attractive interaction forces between electron-rich 

aromatic nuclei of the adsorbate and positive sites located on the substrate.

5. Adsorption by van der Waals dispersion forces: Adsorption by this 

mechanism generally increases with increase in the molecular weight of the 

adsorbate. This mechanism may act as a supplementary mechanism to all 

other types of adsorption mechanisms.

6. In addition, adsorption may occur by “alternating hydrophobic 

bonding"197 98 " I  This mechanism takes place when the attractive forces of the 

surfactants become large enough to permit them to adsorb onto the solid 

surface by chain aggregation. By this mechanism, at higher surface coverage 

surfactant adsorption from the liquid phase may take place onto or adjacent to 

surfactants already adsorbed.

In view of the absence o f charged sites, adsorption of nonionic 

surfactants onto solids generally follows mechanisms 3-6. Since the interaction 

forces between adsorbent and nonionic surfactant are small in comparison to 

ionic surfactants, the shapes of adsorption isotherms and adsorption 

thermodynamics are mainly affected by the molecular structure of surfactants.
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2.4.2.2 Adsorption Isotherms

At the solid-liquid interface, the following information is of interest to 

researchers:

(1) the amount of surfactant absorbed per unit mass or unit area of the 

solid adsorbent, i.e., the surface concentration of the surfactant at a given 

temperature, since this is a measure of how much of the surface of the 

adsorbent has been covered, and hence changed, by the adsorption; (2) the 

equilibrium concentration of surfactant in the liquid phase required to produce a 

given surface concentration of surfactant at a given temperature, since this 

measures the efficiency with which the surfactant is adsorbed; (3) the 

concentration of surfactant on the adsorbent at surface saturation at a given 

temperature, since this determines the effectiveness with which the surfactant is 

adsorbed; (4) the orientation o f the adsorbed surfactant and any other 

parameters that may shed light on the mechanism by which the surfactant is 

adsorbed, since a knowledge of the mechanism allows researchers to predict 

how a surfactant with a given molecular structure will adsorb at the interface; (5) 

the effect of adsorption on other properties of the adsorbent. An adsorption 

isotherm is a mathematical expression that relates the concentration of 

surfactant at the interface to its equilibrium concentration in the liquid phase. 

Since most of the desired information can be obtained from the adsorption
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isotherm, determination of adsorption isotherms is very essential to the study of 

the performance of surfactants at the solid-liquid interface.

The fundamental equation for calculating the amount of one component 

(component 1) of a binary solution adsorbed onto a solid adsorbed is (Aveyard, 

1973)

^ l  = n;x 2 -n \x ,  (23)
m

where n0 =the total number of moles of solution before adsorption

Ax, = X, 0 -  X,

x10 = the mole fraction of component 1 before adsorption 

x,,x2 =the mole fraction o f component 1 and component 2 at adsorption 

equilibrium

m =the mass of the adsorbent, in grams

n*,n\ =the number of moles of component 1 and component 2 adsorbed 

per gram of adsorbent at adsorption equilibrium.

When the liquid phase is a dilute solution of a surfactant (component 1) 

that is much more strongly adsorbed onto the solid adsorbent than the solvent 

(component 2), then n0Ax, «An, where An, = the change in the number of

moles of component 1 in solution, n | « 0, and x2 = 1. Thus
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where AC, = C, 0 -  C,

C10 =the molar concentration (in moles/liter) of component before

adsorption, in the liquid phase

V = the volume of the liquid phase, in liters.

For n* to be determined with suitable accuracy, the values of AC,, the 

change in the molar concentration of the surfactant solution upon adsorption, 

must be appreciable when compared to C,0, its initial concentration. For this to

be so, the solid adsorbent must have a large surface area/gram, i.e., large 

specific area.

For dilute solutions of surfactant, the number of moles of surfactant 

adsorbed per unit mass of the solid substrate can be calculated from the 

concentrations of the surfactant in  the liquid phase before and after the solution 

is mixed and shaken with the finely divided solid adsorbent. The mixture should 

be shaken until adsorption equilibrium has been reached. Then n* is plotted 

against C, to yield the adsorption isotherm. A variety of analytical techniques 

are available for determining the change in concentration of the surfactant in the
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solution, depending on the character and properties of the surfactant molecules 

to be analyzed.

The surfactant adsorption, r SL, in mol/cm2, of the surfactant can be 

calculated when a ,, the surface area per unit mass of the solid adsorbent, in 

cm2/g (the specific surface area), is known.

r *  = (25)
a, xm

For solid substance that cannot be obtained in finely divided form, surface 

concentration can sometimes be calculated from contact angles. The 

determination of adsorption of surfactants onto planar solid surfaces will be 

discussed in section 2.4.2.6.

The adsorption isotherm can also be plotted in terms of r SL as a

function of C,. The surface area per adsorbate molecule on the adsorbent, a?, 

in square angstroms, is

, 1016
a ‘ '  « 7  (26)

where N is Avogadro’s number.
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2.4.2.3 Types of Adsorption Isotherms

As discussed in the previous part, the nature of the adsorption 

mechanism may be deduced from the adsorption isotherm, in which the amount 

adsorbed is determined as a function of solution concentration. Adsorption 

isotherms may vary and have been classified by Giles et al.[" 1001. According to 

them, four characteristic classes are identified, based on the form of the initial 

part of the isotherm, with subgroups related to the behavior at higher 

concentrations. The isotherms are shown in Figure 4.

The L (Langmuir) class is the most common and is characterized by an 

initial region which is convex to the bulk phase concentration axis. The 12 

isotherm reaches a plateau, and further adsorption above this value gives the 

L3 isotherm, and if that reaches a second plateau it is designated L4. The fifth L 

type shows a maximum and reflects a special set of circumstance -  it is found 

with solutes that associate in solution and contain highly surface-active 

impurities (a maximum is not thermodynamically possible in a pure system).

For the S class the initial! slope is concave to the bulk phase 

concentration axis, and this is frequently followed by a point of inflection leading 

to an S-shape isotherm. The H (high affinity) class results from extremely strong 

adsorption associated with chemisorption or other strong interactions at very 

low concentrations, giving an apparent intercept on the ordinate, e.g., stearic
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S L H C

1

2

4

5

Equilibrium Concentration (C„ )

Figure 4. Classification of Adsorption Isotherms According to Giles et al. 
[ioo.ioi] (Letters indicate class and numbers indicate subgroup).

acid from benzene on metal powders. The C-type curves are found with micro- 

porous adsorbents, in which the number of adsorption sites remains constant
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throughout the concentration range. As sites are covered, new sites appear and 

the surface available expands proportionally with the amount of solute 

adsorbed. Cases of C type linear adsorption have been found after an initial 

portion of L or H type. The inflections in subgroup 3 and the second in 

subgroup 4 may reflect a change in orientation of the adsorbed solute or the 

formation of a second layer.

However, for adsorption from dilute solution, the most frequent types of 

adsorption isotherms are as shown in Figure 5[1021. At low concentrations, the 

adsorption isotherms frequently may be expressed by either the Freundlich11031 

or Langmuir relationship. The Freundlich equation is:

Q = kC'1" (27)

where Q is the molar (or weight) adsorbed per unit weight of adsorbent, C is the 

molar (or weight) concentration of adsorbate in solution at equilibrium, and k 

and n are the experimental parameters which depend on the system of 

adsorbent and adsorbate.

The Langmuir equation, which originally was derived for the adsorption 

of gases on solids, may also be applied to adsorption from solution and will be 

discussed in Section 2.4.2.4.
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Equilibrium concentration (Ceq)

Figure 5. Examples of Frequently Observed Adsorption Isotherms

2.4.2.4 The Langmuir Adsorption Isotherm

A type of adsorption isotherm commonly observed in adsorption from 

solutions of surfactants is the Langmuir-type isotherm (Langmuir, 1918), 

expressed by

r sL = ^  (28)
+a

where r sL =the surface concentration of the surfactant, in mol/cm2

r£  =the maximum surface concentration of the surfactant, in mol/cm2, at 

monolayer adsorption
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Cg, =the concentration of the surfactant in the liquid phase at adsorption

equilibrium,in mol/L

a=  a constant [=55.3exp(AG° IRT)], in mol/L, at absolute temperature

T, in the vicinity of room temperature and where aG° is the free energy at 

infinite dilution.

This type of adsorption is valid in theory only under the following 

conditions:

1 . The adsorbent is homogeneous.

2. Both solute and solvent have equal molar surface areas.

3. Both surface and bulk phase exhibit ideal behavior, e.g., no solute- 

solute or solvent-solvent interactions in either phase.

4. The adsorption film is monolayer.

Many surfactant solutions show Langmuir-type behavior, even when these 

restrictions are not m e t[104'.

2.4.2.5 Adsorption of Nonionic Surfactants

Nonionic surfactants are physically adsorbed, rather than chemisorbed. 

However, they differ from many other surface-active solutes in that quite small 

changes in concentration, temperature, or molecular structure of the adsorbate
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can have a large effect on the adsorption. This is due to adsorbate-adsorbate 

and adsorbate-solvent interactions. which cause solute aggregation in the bulk 

solution and which lead to changes in orientation and packing of surfactants at 

the surface. A general scheme of the most likely orientation changes undergone 

by nonionic surfactants adsorbed from aqueous solution is shown in Figure 

6 [1051. The three isotherms corresponding to the different adsorption sequences 

are shown in Figure 7t1051.

In the first stage of adsorption [Figure 6(1)] the surfactant is adsorbing on a 

surface where there are very few  other adsorbate molecules and where 

consequently the adsorption amount of adsorbate increases almost linearly 

with the increase of the equilibrium concentration of solute in the bulk phase 

solution. Adsorption occurs because of van der Waals interaction (principally 

dispersion forces) and therefore, in the case of an aqueous solvent, it is 

determined mainly by the hydrophobic moiety o f the surfactant. Nevertheless, 

the polar groups of the surfactant m ay have some interactions with the surface, 

and hydrophilic ethylene oxide groups can have a slight positive adsorption 

even on a non-polar adsorbentt106,T̂ 171. When the interaction is due to dispersion 

forces, the heats of adsorption are relatively small and correspond to the heat 

liberated by replacing surface solvent molecules with surfactant 11081091. At this 

stage the adsorbate molecule tends to lie flat on the surface because its 

hydrophobic portion is positively adsorbed, as are most types of nonionic
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hydrophilic head groups, especially large polyethylene oxide ones. With the 

molecule lying parallel to the surface, the adsorption energy will increase in

A B C

^  /v w Q / v w Q

IV

ii

ii

Figure 6. Model for the Adsorption off Nonionic Surfactants, showing 
the orientation off surfactant molecules at the surface11051.
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(A) (B)

(C)

C2

Figure 7. Adsorption Isotherms 
Corresponding to the Three 
Adsorption Sequences shown in 
Figure 6, indicating the different 
orientations. CMC is indicated 
by an arrow11051.
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almost equal increments for each additional carbon atom in its alkyl chain, and 

the initial slope of the isotherm w ill increase correspondingly (Traube’s rule). 

The same can also happen with each additional ethylene oxide group[107].

The approach to monolayer saturation with the molecules lying flat 

[Figure 6 (H)] is accompanied by a gradual decrease in the slope of the 

adsorption isotherm. Although most of the “free" solvent molecules will have 

been displaced from the surface by the time the monolayer is complete, the 

surfactant itself will probably still be hydrated at this stage, so there will continue 

to be solvent molecules in the interfacial laye r[1091. Increase in the size of the 

surfactant molecule by, for example, lengthening an alkyl or polyethylene oxide 

chain, will decrease the adsorption. On the other hand, increasing temperature 

should increase the adsorption because de-solvation reduces the effective size 

of the adsorbate11101111. In general, increasing temperature reduces the 

solubility of nonionic surfactants but increases their surface activity. This is also 

true for fatty alcoholst1121131.

The subsequent stages o f adsorption are increasingly dominated by 

adsobate-adsorbate interactions, although it is the absorbate-adsorbent 

interactions that initially determine how the adsorption progresses when stage II 

is complete. The absorbate-adsorbent interaction depends on the nature of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



39

adsorbent and on the hydrophobic-hydrophilic balance in the surfactant. When 

the hydrophilic group is only weakly adsorbed, it will be displaced from the 

surface by the alkyl chains of adjacent molecules [Figure 6  (III)]. This can occur 

more readily when the adsorbent is non-polar or when the surfactant has a 

short polyethylene oxide chain rather than a long one. However, if there is a 

strong attraction between the hydrophilic group and the surface, such as may 

occur with polar adsorbents like silicates and oxides, the alkyl chain is displaced 

[Figure 6  (lll)C]. The intermediate situation [Figure 6 (III)B] occurs when neither 

type of displacement is favoured and the adsorbate then remains flat on the 

surface. In this case adsorption might not be expected to change with 

subsequent increase in surfactant concentration, except perhaps from a slight 

increase due to surfactant de-solvation. However, it has been suggested that 

multilayers of horizontally oriented adsorbate can be formed*114,1151. 

Nevertheless, apart from some adsorption data for smectite clay there

does not seem to be very much evidence for the existence of layers of nonionic 

surfactant molecules lying fla t on the surface at high bulk solution 

concentration.

The change in amount adsorbed in the third stage of adsorption is unlikely 

to be large, but as the concentration of surfactant in the bulk solution 

approaches the C.M.C. (Critical Micelle Concentration), there will be a tendency
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for the alkyl chains of the adsorbed molecules to aggregate. This will cause the 

molecules to become vertically oriented and there will be a large increase in 

adsorption (Stage IV). This increase is probably not entirely caused by the 

change in orientation. The lateral forces due to alkyl chain interactions in the 

adsorbed layer will compress the head group, and for an ethylene oxide chain 

this will result in a less coiled, more extended conformation. There may also be 

some de-solvation. However, even in the close-packed monolayer the ethenoxy 

chain will not be fully extended[t18_1201. The longer the surfactant alkyl chain the 

greater will be the cohesion force and hence the smaller the surfactant cross 

sectional area. This may explain why saturation adsorption increases with chain 

length. With non-polar adsorbents, the adsorption energy of a methylene group 

is almost the same as its miceliization energy11071, so the surface aggregation 

process can occur quite easily even at concentrations below the bulk solution 

C.M.C.. With polar adsorbents, however, the head group may be quite strongly 

bound to the surface, and partial detachment of a large ethenoxy chain from the 

surface, needed for close-packing of the alkyl chains [Figure 6 (IV)C], may not 

be achieved until the surfactant concentration is above the C.M.C.. When the 

adsorption layer is like that shown in Figure 6 (IV)C, the surface will be 

hydrophobic.
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2.4.2.6 Adsorption on a Planar Solid Surface

As discussed in section of 2 .4 .2 .2 ,  for solid substances that cannot be 

obtained in finely divided form, the adsorption isotherms cannot be determined 

by the difference in concentration of the bulk solution phase between before 

and after adsorption equilibrium. However, the maximum adsorption amount on 

their planar surfaces ( r ^ , ) can be determined from contact angles.

Values of . at the aqueous solution/solid interface, can be obtained 

from the maximum slopes of the y^cosO  vs logC curves. From Young’s 

equation:

Xla CO S0 = Xst -  ySL (2 9 )

where y m = the surface tension at the liquid/vapor interface, in mN/m. 

/ sa =the surface tension at the solid/vapor interface, in mN/m. 

ySL =the surface tension at the solid/liquid interface, in mN/m. 

d = the equilibrium contact angle which the liquid phase 

makes with the solid, measured in the liquid phase.

If we differentiate both sides of Young’s equation by InC, then we have 

the following equation:
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d (/M cos0) dys* dySL 
d lnC  dlnC  dlnC

From the Gibbs equation a t the three interfaces, we have:

at the L/A interface, dy w /d  In C = • r w (31)

at the S/L interface, dySL /d  In C = -nRT  - r SL (32)

at the S/A interface, d /^  /d  In C = - n f t r  • (33)

where =the adsorption at the liquid/vapor interface, in mol/cm2,

r a =the adsorption at the solid/liquid interface, in mol/cm2,

r SA =the adsorption at the solid/vapor interface, in mol/cm2

C = Surfactant concentration in bulk solution phase, in mol/L 

n= 1 for nonionic surfactants

Substitution of Equations (31). (32) and (33) into Eq. (30) , at constant 

temperature, yields:

d (rM cosfl) 
d lnC

From which,

= -nRTTst -  i~nRTTSL) = nRTTSL -  nRTT^  (34)

Fa. ~ r M + — X C0Sg> (35)
a  “  nRT cflnC '  '
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It should be noted that because surfactants with hydrocarbon chains 

cannot lower the surface free energy of a solid, such as Parafilm®, polyethylene, 

or Teflon, therefore, it can be assumed that is a constant for the planar

solid surfaces with low surface free energy [1211, i.e., -̂ 7- ^  = 0 . According to
dlnC

Equation (30), = 0 . Consequently,

r  1 dty^cose)
I Qi — —_____ “! r -----
SL nRT dlnC (36)

But *  0 for surfactants with dimethylsiloxane or perfluoralkyl

hydrophobic groups that can lower the surface free energy of a hydrocarbon 

solid. Therefore, only the values of (rSL -T sa) can be calculated from

1 for those systems[5,].
nRT dlnC

2.4.3 Adsorption at the Air/Hydrocarbon Solid Interface

As discussed in the previous section, the adsorption at the air/solid 

interface is not equal to 0  for surfactants with dimethylsiloxane or perfluorolkyl 

hydrophobic groups that can lower the surface free energy of a hydrocarbon 

solid. According to Equation (35). and for nonionic surfactants, the adsorption at 

the air/hydrocarbon solid interface can be calculated as following:
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r», = ra - — »- (37)
“  a  RT dtnC

T s l  can be obtained directly from an adsorption isotherm; I 'm  can be 

calculated through the slope of a plot of Yla vs. In C by use of the Gibbs 

equation (Eq. 31) and consequently Tsa can be calculated from Tsl and

^ ' / la C° S^  , the slope of the plot of YlaCOsO vs. In C. 
dlnC

2.4.4 Adsorption Free Energy

2.4.4.1 Standard Adsorption Free Energy at the A/L Interface

Standard adsorption free energy (A G ^) at the air/aqueous solution 

interface have been calculated from the equation1122 1231:

a g “  -  - H I L  (38)

where | = a  (Traube s constant) (39)

which is the slope of plot o f surface pressure, - / la> the solution

versus the concentration (C) of surfactant at very low concentration. Here, the
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hypothetical standard states of the surface and bulk solution are defined as 

when the surfactant has a typical environment of an extremely low surface 

concentration at unit surface pressure.

However, good surface tension data in this concentration range are very 

difficult to obtain, since traces of impurities adsorbed from the air or present in 

the solvent or in the surfactant to  be used can markedly affect the surface 

tension results. Therefore, there are only a few studies in the literature using 

this approach1'23-1261, since investigators of the effect of surfactant on the 

surface tension of solvents generally are interested in the region where 

surfactants show the maximum effect, rather than the region where they show 

little effect. Therefore, the utility o f equation (38) is limited.

A new approach to calculate the standard adsorption free energy at the 

air/aqueous solution interface for individual surfactant solutions that is 

applicable to data in the high surface pressure region was proposed by Rosen 

and Aronson11271. According to this method, a standard free energy of 

adsorption, A G ^, at the air/aqueous solution interface can be calculated by the 

equation:

* G l,= R T ln a T- *  A’m (40)
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where a, = activity of the surfactant in the aqueous phase at a surface pressure 

of rt in the region of surface saturation, where = r™  and the molar area of 

the surfactant As = A^in.

The standard state of the surface phase is a hypothetical monolayer of 

the surfactant at its closest packing but at a surface pressure of zero. For 

nonionic surfactants at dilute concentration (<1x10*2 M) in the solution phase, 

the activity of surfactant in equation (40) can be substituted by its mole fraction, 

and equation (40) becomes

A G i« R 7 ln (C x /© )- /r  -Asm (41)

where CT -molar concentration o f surfactant in the aqueous phase at a surface 

pressure of ,t and co is the number of moles of water per liter of water. When 

CT is in mol/L, ;rin  mN/m(mJ/m2), A* in A2 per molecule, and

R = 8.314J m o l '  -K~', equation (40) becomes

A G ^J /m o l) = 2.3Q3RTIog(Cs / co) -6 .023* - A* (42)

When the surface tension of the solvent has been reduced by 20 mN/m, i.e., 

*-=20 mN/m, then the relation becomes

AG^ =2.303RT-pC20 -6 .0 23  *20A * -2.303RTIogto (43)
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At saturated adsorption, A ,̂ = A ^ , equation (48) can be replaced by: 

AG ^(J/m ol) = -5710*pC2O -120.5Amin -9951 (44)

where R = 8.314J mol' 1 K \  T =  298.2 K and <o =55.3 mol/L.

2.4.4.2 Standard Adsorption Free Energy at the US Interface

When adsorption follows the Langmuir equation (Eq. 28), determination 

of the values of and a permits calculation of the area of the adsorbed

molecule at surface saturation and the free energy of adsorption at infinite 

dilution. To determine whether adsorption is following the Langmuir equation 

and to permit calculation of the values of and a , the equation is usually 

transformed into linear form by inverting it. Thus,

C C aZ 5 . ssr s .  + - a _  (45)
p pm pm ' '

1 SL 1 SL 1 SL

or _ L  = _ ? —  + —  (46)p pm p pm ' ’

1 SL 1 S L ^ e q  1 SL

A plot of c ^ / r ^  versus C*, [equation (45)] should be a straight line whose 

slope is l / r £  and whose intercept with the ordinate is a /r£  . Alternatively, a
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plot of 1/rSL versus 1/C^ [equation (46)] should be a straight line with slope 

= a/r™ and intercept with the ordinate is l/r™L .

When the specific surface area of the solid adsorbent as is unknown, n* 

may be plotted against C, and the Langmuir equation takes the form:

n? = (47)
*q + a

The linear forms are

C C a

or — -  —- — + —  (49)
n? n iC ., nj,

From equation (45), a = 0 ^  when rSL = r™L/2; from equation (48), when 

n| = n * /2 . Therefore, a may afeso be determined from a plot of r SL versus CM 

(or n? versus C ^ ) at the point where rSL = rsmL/2 (or n* = n * /2), i.e., it equals 

the equilibrium surfactant concemtration in the liquid phase required for one-half 

monolayer coverage of the adsorbent surface. In mol/L, a = 55.3exp(AG° /RT) 

in the vicinity of room temperature, and

-  loga = -AG° /2.303RT -1.74 (50)
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Since -lo g a  is therefore a  function of the free energy change involved in 

the transfer of the surfactant molecule from the liquid phase to the solid 

substrate, it is a suitable measure of the efficiency of adsorption of the 

surfactant when adsorption follows the Langmuir equation11271. Therefore, the 

adsorption free energy at the solid/aqueous solution interface can be calculated 

by use of the equation:

2.5 The Spreading Coefficient

As discussed in Section 2.1, the spreading coefficient of an aqueous 

solution over a solid substrate, Su s , is the surface free energy decrease per 

unit area as a result of the spreading:

When Su s> 0 , the spreading occurs spontaneously; whenSL,s < 0,

spontaneous spreading does not occur and the liquid produces a contact angle, 

6, with the substrate.

2.5.1 Change in Spreading Coefficient upon Mixing

For an L77 aqueous solution:

AG * = 2.303RTIog(a) -  4.01RT (51)

^ l / s  ~  Y s a  Y s l  “  Y l a (52)

(53)
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When mixed with pyrrolidsnone (or other surfactants):

SMx _ Mix ..Mix _  Mix
u s  “ Ysa isl . la (54)

Therefore, the change o f the spreading coefficient upon the addition of 

the pyrrolidinone is equal to:

In equation (55), only the value of (y ^  -  yj^7) can be obtained directly 

from the plots of y{£ vs. logC and y^7 vs. logC. However, the values of 

(ysa — ysa" ) and (Ysl -ysL7') cannot be obtained directly because direct 

interfacial tension measurements at the solid/air and solid/liquid interfaces are 

not available. However, they can be obtained indirectly.

The interfacial pressure., it. of a system is the difference between the 

interfacial tension of the solvent, y° and the interfacial tension of the surfactant 

solution, y. Therefore,

According to equation (56), for the L77 solution, the interfacial pressure at 

the solid/aqueous solution interface equals:

JC = y° -  y (56)

(57)
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Similarly, for the mixed surfactant solution, the interfacial pressure at the 

solid/aqueous solution interface then equals:

Muc _  Solv Mix / c q \
SL =  Y s l  “ Y s l  ( 5 8 )

Equations (57) and (58) can be rearranged as below:

Y ^ = Y i r - * Lsr  (5 9 )

and Y s» * = Y s l*v - 7 1 s l  (60)

Subtraction of equation (59) from equation (60) yields:

. .L ”  L77 Mix
! SL “  /S L  ~  SL SL ( 8 1 )

In the same fashion, we obtain the equation at the solid/air interface:

..Mix L77 L77 Mix
/ s a  “ Y s a  ~ n SA ~  n SA ( 8 2 )

Substitution of (61) and (62) into (55) yields the following:

S Mtx q L 77 _  /  L77 Mix \  /  L77 Mbc \  / .  Mix L77 x
L /S  - 8 U S  -  _ 7 l SA ) ~ K K SL ~  SL )  (Y L A  “  Y lA  )

= -^ 7 la + A*sl -ATTsa (63)

where, *Y ia = y“ “ - yLlT (64)

**SL = <  - ItS 7 (65)

A *sa (66)
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Thus, the effect of the addition of the N-alkyl-pyrrolidinone on the 

superspreading of the L77 solution (the difference between the spreading 

coefficients of the mixture and the L77 solution by itself) can be evaluated from 

the changes in surface tension at the liquid/air, and the changes in the 

interfacial pressures at the liquid/solid and solid/air interfaces.

2.5.2 Evaluation of Attsl

According to the Gibbs adsorption equation for the solid/liquid interface:

dysL = -  nRT TsfdlnC (67)

where ysl = the surface tension at the solid/liquid interface, in mN/m 

T s l  s the adsorption at the solid/liquid interface, in mol/cm2 

C = concentration of surfactant in bulk solution below C.M.C in 

mol/L

T = temperature of the system, in K 

n = 1 for nontonic surfactants 

R = 8.3143 Joules mor’ -K'1

If both sides of Eq. (67) are integrated and Eq. (56) is employed , then:

J d Y SL =  Y s l “ Y s l =  “ * s l  =  ~ R T f r sL d l r , C  (6 8 )o
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Therefore, we obtain:

c
* sl = RTf r sL -dlnC (69)

0

Applying equation <69) to the L77 aqueous solution and its mixed 

aqueous solution with pyrroilidinones, the following equations are obtained:

where, tt^ 7 is the surface pressure at the solid/aqueous solution interface 

caused by the L77 aqueous solution; C\_rr, the concentration of L77 in the bulk 

solution by itself; r ^ ,  the adsorption of L77 at the solid/aqueous solution

interface. Similarly, T t^ is  the surface pressure at the solid/aqueous solution 

interface caused by the mixed aqueous solution of L77 and pyrrolidinone; Ctotai. 

the total concentration of L77 and pyrrolidinone in the bulk solution; nT®**', the 

total adsorption of L77 and pyrrolidinone at the solid/aqueous solution interface.

From their adsorption isotherms, and can be found as a function

of In(Ctotai) and ln(CL77). respectively. Therefore, and ^s[ 7 can be calculated

from the plots of vs. ln(Ctotai) and vs. ln(CL77), respectively. The

(70)
0

(71)
0
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definite integrals in equations (70) and (71) are just the areas under the plots of 

Tsl vs. InC from C equal 0 to  C. In this fashion, the values of (n^ ) at the 

concentrations of Ctoui and C m  can be calculated(Figure 8 , page 60).

2.5.3 Evaluation of Attsa

In the same fashion, we obtain:

where Tla is the adsorption at the air/solid interface, C is the equilibrium 

concentration of the surfactant in the solution phase below the C.M.C..

2.6 Interaction and Synergism at the Interfaces

2.6.1 Interaction at the Air/Aqueous Solution Interface

The molecular interaction parameter between two surfactants at an the 

air/liquid interface can be evaluated by the following equations, which are based 

upon the application of nonideal solution theory to the thermodynamics of the

c
sa -  RTJr~gA dlnC (72)

system1
.[129. 130].

(1~X , ) 2 ln((1-a)C 12 /(1 - X,)C°] 1

X?ln(aC 1 2 /X,C?) (73)

ln(aC1 2 /X tC?)
(1 -X , ) 2

(74)
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where a is the mole fraction of surfactant 1 in the total surfactant in the solution 

phase, (i.e., the mole fraction of surfactant 2  equals 1 -a); Xi is the mole 

fraction of surfactant 1 in the total surfactant in the adsorbed monolayer; Ci°, 

C2° and C12 are the solution phase molar concentrations of surfactant 1 , 2  and 

their mixture, respectively, required to produce given surface tension values; 

/?£, is the molecular interaction parameter for mixed monolayer formation at the 

same interface. Equation (73) can be solved numerically for Xi, when a, Ci°, 

C2° and C i2 are obtained from experimental data. A negative value of 

/?£, means a more attractive interaction or less repulsion between the two 

surfactant molecules in the monolayer at the air/liquid interface after mixing 

than before mixing, and the more negative the value of /?£,, the stronger the 

attractive interaction or weaker the repulsion between the molecules after 

mixing. A value of zero indicates ideal mixing. A positive value of p indicates 

less attraction or more self-repulsion between the molecules after mixing in the 

monolayer than before mixing.

The conditions for synergism or negative synergism in surface tension 

reduction efficiency to exist are :1130-1311

Synergism Negative Synergism

1 . must be negative 1 . must be positive
2. |pC,|>|Ln<c;/c;)|
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2.6.2 Interaction in Mixed Micelle Formation

The interaction parameter ( PM) between two surfactants in mixed 

micelle formation in aqueous solution can be evaluated by the following 

equations:

where C iM, C2M and C i2M are the critical micelle concentrations^.M.C.) of 

individual surfactants 1 , 2  and their mixture, respectively, at a given value of a ; 

a is the mole fraction of surfactant 1 in the total surfactant in the solution phase; 

Xi is the mole fraction of surfactant 1 in the total surfactant in the mixed micelle; 

p M is the molecular interaction parameter that measures the nature and extent 

of the interaction between the two different surfactant molecules in the mixed 

micelle. Equation (75) can be solved numerically for Xi, when a, C iM, C2M and 

C i2m are obtained from experimental data. A negative value of p M means more 

attractive interaction or less repulsion between the two surfactant molecules in 

the mixed micelle after mixing than before mixing, and the more negative the 

value of p M , the stronger the attractive interaction or the weaker the repulsion 

between the molecules after mixing.

(1 -X . > in u i- a ^ , 2 n '- X “ )C2 ]
(75)

m ln(aC“  /X “ C“ ) 
(1 -X ? ) 2

(76)
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The conditions for synergism or negative synergism in surface tension 

reduction efficiency to exist are :11311321

Synergism Negative Synergism

1 . pM must be negative 1 . pM must be positive
2. |pM|> ln (C ” /C “ )| 2. pM>|Ln(C“ /C ” )|

2.6.3 Interaction at the Solid/Aqueous Solution Interface

Interaction parameters (P|L) for mixed monolayers at the solid/aqueous 

solution interface can also be evaluated by the following equations:

X[\n(aC,2/X ,C°)  =<J
(1 -X ,)  ln [(1-a)C , 2 /(1 -X ,)C °]

ln(aC12 / X,C?)
P it = , , 12w \a  (78)

where a is the mole fraction of surfactant 1 in the total surfactant in the solution 

phase, (i.e., the mole fraction of surfactant 2  equals 1-a); X! is the mole 

fraction of surfactant 1 in the total surfactant in the adsorbed monolayer; Ci°, 

C2° and C i2 are the solution phase molar concentrations of surfactant 1 , 2 and 

their mixture, respectively, obtained at the same value of the adhesion, 

yla cos6 , for the case where the solid has a low-energy surface and the 

surfactant has a hydrocarbon chain in the molecule11211. However, when the 

solid has a high-energy surface, or the surfactants have dimethyl siloxane
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groups (or perfluorolkyl hydrophobic groups) in the molecules, the values of Ci°, 

C2° and C12 must be obtained from the plots of tesl versus InC and at the same

value of Ttsi. interfacial pressure at the solid/aqueous interface1511, which are 

shown in Figure 8 . Similarly, a negative value of p |L means an attractive 

interaction between the two surfactant molecules in the mixed monolayer at the 

air/liquid interface, and the more negative the value of PgL, the stronger the 

attractive interaction between the molecules.

2.6.4 Synergism in Interfacial Tension Reduction Effectiveness

Synergism in interfacial tension reduction effectiveness exists when the 

mixture of two surfactants at its critical micelle concentration(CMC) reaches a 

lower interfacial tension (or a larger interfacial pressure, re) value than that

attained at the CMC of either individual surfactant. The conditions for synergism 

or negative synergism in interfacial tension reductive effectiveness to occur11321 

are:

Synergism Negative Synergism

1 . p° -  pM must be negative 1 . p° -  pM must be positive

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



59

where C°cmc , c ° CMC are the molar concentrations of surfactants 1 and 2, 

respectively, required to yield an interfacial tension equal to that of any mixture 

at its CMC.

At the point of maximum synergism or maximum negative synergism in 

interfacial tension reduction effectiveness, the composition of the mixed 

interfacial layer equals the composition of the mixed micelle, gT e , the mole 

fraction of surfactant 1 in the solution phase (on a surfactant-only basis) at this 

point is obtained11321 by solving the following equation (79) numerically for X‘ E. 

and substituting that value into equation (80) to calculate a * E :

where Ki, K2 are the slopes of the y -  InC plots of the aqueous solutions of 

surfactants 1 and 2 , respectively; y ° CMC, y ° CMC are the interfacial tensions of 

surfactants 1 and 2, respectively, at their respective CMCs; C“ , C“  are the 

CMCs of surfactants 1 and 2, respectively.

r ?0 *0 -  K,(p° -  p“ )(i -  x;>* ,
** . - _— . it ____   «■» — I

y °cmc- k 2 (P ° -p m)(x ;)
(79)

(80)
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CHAPTER 3 

EXPERIMENTAL

3.1 Materials

The molecular structures of the surfactants investigated, trisiloxane 

surfactant and N-alkyl pyrrolidinones, are shown in Chart 1. The relevant 

physicochemical properties are listed in Table 2.

3.1.1 Trisiloxane Surfactant, L77

Trisiloxane Surfactant: SILWET L77, a commercial product, was supplied 

by OSI Specialties, Inc., Tarrytown, NY, courtesy of Dr. George Policello. Since 

the degradation of the siloxane backbone results in loss of surface activity of 

the trisiloxane, the aqueous SILWET L77 solution must be made with 

phosphate buffer, pH=7.00, to prevent hydrolysis as following11331:

Si CH3 

CH3
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Chart 1. Molecular Structures of Surfactants Investigated

Trisiloxane-based Surfactant (SILWET L77)

CH3 CH3 CH3

H3C— Si— o ----Si------- O— Si— CHU

I I I
CHs CH2 CHb

C 2 H 4 O  (C 2H 40>7 5— C H s

Hydrocarbon-based Surfactants (N-alkyl-Pyrrolidinones)

R—N '
ITR
O

Svmbol

- C 4 H9 N-butyl-Pyrrolidinone C4P

—CH2 CHC4 H9

C2H5
N-(2-ethylhexyl)-Pyrrolidinone C2.6P

~ C 6 H13 N-hexyl-Pyrrolidinone C6 P

N-cyclohexyl-Pyrrolidinone CHP

CaH17 N-octyl-Pyrrolidinone C8 P

C10H21 N-decyl-Pyrrolidinone C10P
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Table 2. Some Physicochemical Properties 
of L77 and the Pyrrolidinones

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

Compound M.W. Solubility
(M) (191 nm)

£ (hT’cm'1) 
(205 nm)

C.M.C.
(M)

L77 700 7.15X10-4 2050 1560 1.33x1 O’4

C4P 141 No limit 7840 5930 N/A

CHP 169 0.155 8270 6220 N/A

C6P 167 6.95x1 O'2 7750 5880 N/A

C2.6P 197 1.25x1 O'2 8110 6180 N/A

C8P 197 5.05x10*3 7940 5830 N/A

I C10P 225 4.45x1 O'4 7480 5770 N/A
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3.1.2 N-Alkyl-Pyrrolidinones, CnP

N-Alkyl-Pyrrolidinones(CnP), the additives investigated, including. N- 

butyl-pyrrolidinone(C4P), N-hexyl- pyrrolidinone(C6P), N-cyclohexyl- 

pyrrolidinone (CHP), N-octyl- pyrrolidinone(C8P), N-2-(ethylhexyl)- 

pyrrolidinone(C2,6P) and N-decyl-pyrrolidinone(CIOP), were supplied by ISP 

Corp., Wayne, N.J., courtesy of Dr. John Hornby. All were used without further 

purification.

3.1.3 Powdered Polyethylene

Polyethylene powder, was supplied by U.S.I. Chemicals, Co., Cincinnati, 

OH, specific area, 0.360 m2/g, and was used for two purposes: (1) To make 

polyethylene films for measurement of spreading factors of aqueous solutions 

of trisiloxane surfactant L77, N-alkyl-pyrroiidinones and their mixtures. (2) To 

determine adsorption isotherms of trisiloxane surfactant L77, N-alkyl- 

pyrrolidinones and their mixtures from phosphate buffer aqueous solutions. 

Before the powder was used, it was cleaned very carefully. The procedures for 

the cleaning are described in Section 3.2.1.

3.1.4 Quartz-Condensed Water

The water used fo r the preparation of surfactant solutions was deionized 

first and then distilled twice. The last distillation was completed with alkaline
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potassium permanganate (KMn0 4 ) solution and through a one-meter high 

Vigreaux column with quartz condenser and receiver. The specific conductivity 

of the quartz-condensed water is 1.1 xKT6 Q'1cm'1 at 25 °C and the pH value is 

about 5.8.

3.1.5 Potassium Dihydrogen Phosphate

Potassium Dihydrogen Phosphate (KH2PO4), J. T. Baker Chemical Co., 

Phillispsburg, NJ

3.2 Preparations

3.2.1 Preparation of Polyethylene Film

Before the powder was used, it was cleaned by the following procedure:

(1) Weigh about 20 grams of the powder using a clean, dry 250 mL Erlenmeyer 

flask, then wash it with about 100 mL spectroanalyzed methanol and stir it with 

an electromagnetic stirrer for about 1 hour. (2) After each washing, filter the 

methanol using a pressure filter, evaporate it using a hot water bath; then add 

100 mL distilled water to dissolve the residue. (3) Check the surface tension of 

the residue solution, if the surface tension decreases to below -65  mN/m after 

each washing, continue the washing till the surface tension reaches a constant, 

-65 mN/m. (4) Dry the washed polyethylene powder in a vacuum desiccator 

over anhydrous phosphorus pentaoxide (P2O5) for a few weeks. Then the 

powder is ready to use.
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The polyethylene film was made by melting a thin layer of the clean 

powder on a 10cmxl0cm clean glass square with a small Bunsen burner flame. 

After the glass has cooled to room temperature, put it into a large clean beaker 

with about 1000 mL distilled water, then heat the beaker to around 70 °C to 

make the polyethylene film soft. Use a knife to cut the film along the edges of 

the glass very carefully without touching the central area of the side attached to 

the glass square and remove it from the glass. The side of the polyethylene film 

that had contacted the glass (which is much smoother than the other side) is 

used for measuring the spreading factors.

3.2.2 Verification o f Hydrophobicity o f the Polyethylene Film

The hydrophobicity of a solid surface is commonly measured by the 

contact angle which water makes with i t [891. Contact angle results of water on 

polyethylene surfaces at 25 °C vary from 88° to 107°, reported by different 

investigators1134-1381. For the polyethylene film made in this laboratory, the 

average advancing contact angle of distilled water at 25 °C was 97°. Due to 

oxidation by the oxygen in the environment, surface energy of the polyethylene 

film will change with time. As a result, the hydrophobicity of the film will change 

after being used many times. Therefore, it is necessary to examine the 

hydrophobicity of the film frequently. If the contact angle of water at room 

temperature is less than 90°, the film is no longer used for measuring spreading 

factors and contact angles of surfactant solutions. The methods to measure
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spreading factor and contact angle are described in sections 3.3.4 and 3.3.6, 

respectively.

3.2.3 Preparation of Phosphate Buffer

The buffer solution was made with potassium dihydrogen phosphate 

(KH2PO4), sodium hydroxide(NaOH) solution and ‘‘quartz" water in the following 

manner: dissolve 13.61 grams of KH2P 04 with 100 mL “quartz” water in a 2000 

mL volumetric flask, add 29.10 mL 2.00 M of NaOH solution, then dilute it with 

“quartz” water to the mark, shake it very well and then let it stand for 72 hours. 

After that, transfer the buffer solution to a clean 3000 mL beaker to measure its 

pH value. The equilibrium pH value is checked by a pH meter and adjusted to 

pH=7.00 with sodium hydroxide solution. The pH meter was calibrated by using 

two standard buffer solutions at pH=4.00 and 10.00.

3.2.4 Preparation of Surfactant Solutions

The stock solutions were made by dissolving surfactants in the pre­

prepared buffer solution. All other surfactant solutions with different 

concentrations were made by diluting the stock solution with the buffer solution.

3.3 Measurements

3.3.1 Measurement of Spreading Factors

Four pieces of glass (about 0.5cmx0.5cm) were placed at the comers of 

a clean polyethylene film, which was mounted on an optically flat glass plate
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(10cmxl0cm) resting upon the horizontal mouth of a glass bottle. Using a 

microsyringe, which had previously been rinsed with the solution being tested, a 

20 (iL drop of the solution was placed on the polyethylene film. The stop watch 

was started and another 10cmxl0cm glass square was immediately placed 

over the four pieces of glass so that the second piece of glass was parallel to 

the polyethylene film. After three minutes (when the solution has stopped 

spreading), an outline of the spread solution was traced onto the top glass. This 

area was then retraced onto standard white paper from which it was cut and 

weighed. The exact spreading area was then calculated from the mass of a 

piece of the same paper of known area, with the assumption that the paper has 

a constant mass per unit area.

After each measurement, the polyethylene substrate was thoroughly 

rinsed with methanol, tap water and distilled water, and was then put into boiling 

distilled water for at least 30 minutes in order to remove any adsorbed 

surfactant. The solutions, all at 1.0g/L total surfactant concentration, which is 

much above the CMC of the mixture, were made at 10%, 20%, 30%

 replacements of the trisiloxane surfactant by the N-alkyl-pyrrolidinone being

tested. Each spreading measurement was done three to five times until the 

reproducibility was satisfactory, to ensure minimal relative error. The spreading 

area is the average of the areas obtained in each set of measurements. The
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spreading factor (SF) is the ratio: spreading area of the surfactant solution / 

spreading area of the same volume o f solvent.

3.3.2 Measurement of Surface Tension

Equilibrium surface tension measurements were made by the Wilhelmy 

plate technique with a Kruss K-12 tensiometer (Kruss GmbH, Hamburg). The 

plate is made of platinum-iridium with length of 19.9 mm and thickness of 0.2 

mm. The instrument was calibrated against quartz-condensed water each day 

that measurements were made. A t 25.0 °C, the surface tension of quartz- 

condensed water is 71.97 mN/m. Sets of measurements were taken until the 

change in surface tension was less than 0.08mN/m every 15 minutes. The 

temperature of the measurement cell was controlled by a water thermostat 

within ±0.1 °C.

The procedure for measuring surface tension is as follows:

1. Turn on the thermostat bath pump and its heat controller, adjust the 

temperature regulator to the desired value, 25 °C.

2. Turn on power of the K-12 tensiometer and the attached processor.

3. Turn the knob to its stop limit to  make sure the balance locker is locked, 

then take down the platinum plate from its suspension carefully.

4. Rinse a clean sample vessel with the sample solution to be measured three 

times, then fill it with the sample solution to about 2/3 volume.
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5. Insert the sample vessel into the thermostat vessel and wait until the 

temperature reaches the desired temperature.

6. Rinse the platinum plate with distilled water three times.

7. Heat the plate to red-hot with a Bunsen burner; cool it to room temperature 

for measurement.

8. Insert the plate into the suspension carefully, release the balance lock and 

wait until the plate stops vibrating. Now a number of “0.000 g” should appear 

on the LC-display of the tensiometer. Otherwise, the tensometer should be 

calibrated again.

9. On the LC-dispaly of the processor, use the keyboard to choose (1) Plate 

method; (2) Surface tension; (3) Series of measurements.

10. With the selection of “Series of Measurements", set “min. std. deviation” as

0.08 mN/m; “max. number of values” as 999”; “interval of measurements” as 

900 sec.; “printer output” as “ON=T.

11. Move the vessel up towards the plate until the plate hangs just 1~2 mm 

above the solution surface.

12. Press the “START key on the keyboard of the processor.

The results of surface tension will be taken and printed out every 15

minutes. The standard deviation of the measurements will calculated

automatically after each measurement. When it less than 0.08 mN/m, the

tensometer will stop measuring automatically.
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3.3.3 Measurement of Contact Angle

Advancing contact angles were measured with a Contact Angle Image 

Goniometer and Image Analysis Attachment (Model 100-22, Rame-Hart, Inc., 

Mountain Lakes, NJ). Seven drops of solution, each about 10fiL, were applied 

to the polyethylene surface, which was placed in a thermostatic environmental 

chamber saturated with solvent vapor to retard droplet evaporation. Angles 

were measured on both sides of each of the seven drops for at least 1 hour at 

25 °C. Equilibrium contact angle values were assumed to be obtained when no 

changes were observed for 15 min. The equilibrium contact angle values were 

reproducible within ±0.2°C.

The procedure for measuring the contact angle is described below:

1. Turn on the thermostat bath pump connected to circulating water for the 

sample chamber and its heat controller, adjust the temperature regulator to 

the desired value (25 °C).

2. Turn the computer on, load and run the image analysis program from the 

Window’s system, or enter “R" in the 702 directory from DOS system.

3. Press any key to display an image and then press “L” key for a live image.

4. Rotate the measuring and basefine reticles on the microscope until they are 

horizontally coincidental.
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5. Place a piece of clean polyethylene substrate (2cmx3cm), attached flat to a 

clean glass square of size identical to that of the base of the chamber.

6. Turn the related knobs, focus on the front edge of the substrate to make 

sure that it is parallel with the front edge of the leveling stage and vertically 

move the substrate until the top surface slightly covers the reticles.

7. Press “B” to check Baseline of the system. If the heights of the left and right 

sides differ from each other within 0.5 pixel, the baseline is ready for 

measuring. Otherwise, press “L" twice to live image and use the leveling 

screws below the chamber to re-level the substrate horizontally until a 

satisfactory baseline is achieved. Press “B" to store the latest baseline.

8. Use a micro-syringe to place 5 -  7 drops of solution to be tested of 10 nL 

volume, on the front edge of the substrate. Cover the chamber tightly to 

prevent the sample drops from evaporation.

9. Press “L" for a live image and turn related knob to move the image to the 

center of the screen, focus on one of the drops.

10. Adjust intensity of the screen to  a proper contrast, e.g., Iight=250, dark-55, 

and fix these values for a set of measurements.

11. Press “A” for automatic scan. It performs both horizontal and vertical scans 

automatically on the left side and right side of a sessile drop. The readings 

of contact angle are shown on the screen.

12. Repeat. Press “A" to obtain new readings every 10 minutes until the 

corresponding values change by less than 0.3 ° after a 10 minute interval.
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3.3.4 Measurement of Adsorption Isotherms

3.3.4.1 Preparation of Solution for Equilibrium Adsorption

Use analytical balance to weigh a dry and clean 50 mL plastic vial (Nalge 

Company, Rochester, NY), then weigh about 0.5 grams of clean polyethylene 

powder into it. Use a pipet to add 40.00 mL of surfactant(s) solution of known 

concentration to the vial. Cover it tightly and shake it vigorously to make the 

solution and polyethylene powder mix well. The vial is then placed on a shaking 

machine and shaken continuously for 12 hours in order to get adsorption 

equilibrium.

3.3.4.2 Separation of Adsorbate Solution and Absorbent Powder

The solution, after adsorption equilibrium, and the polyethylene powder 

were separated by use of a centrifuge (SORVALL RC JC Oupont) at speed of

15,000 rpm for about 1 hour. Use a clean pipet to transfer the separated 

solution to a dry, clean 50 mL beaker. The effectiveness of the separation was 

examined by UV absorbance at a visible wavelength, >.=600 nm. If the 

absorbance in a 1cm cuvette is less than 0.003, the separation is sufficient. The 

methods to measure UV absorbance are described in sections 3.3.7.4.

3.3.4.3 Two- Phase Titration for L77

The equilibrium concentration of the L77 was determined by two-phase 

titration137 1391401, which is based upon the transfer of a dye-surfactant complex
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between the aqueous phase and the organic phase. The organic-soluble 

complex of surfactant with a basic dye is destroyed by an anion and the dye is 

released into the aqueous phase and the color changes.

The procedures to titrate L77 with a standard solution of potassium 

tetrakis(4-chlorophenyl) borate (Lancaster Synthesis Ltd. Windham, NH) are the 

following: (1) transfer 10.00 ml o f L77 unknown solution to a glass-stoppered, 

100 mL Erlenmeyer flask, add 5.00mL of 6M KOH and 5.00 mL1,2- 

dichloroethane as oil phase to the flask, then add 3 drops of 1% Victoria Blue B 

(Fluka, Switzerland) methanol solution as indicator. The mixture is now blue.

(2)lmmediately shake the stoppered flask vigorously; the oil phase turns to pink 

color. (3)The mixture is then titrated with standard potassium tetrakis (4- 

chlorophenyl) borate solution (I.OOxlO^M), with shaking after each drop 

addition, until a slightly blue endpoint is reached. The percent error of the 

titration is less than 2%(see Appendix I for the error analysis). The calibration 

curve is shown in Figure 9. The N-aikyl-pyrrolidinones in the mixture do not 

interfere with the titration of L77 p71.
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Figure 9 Two-Phase Titration Curve of L77 with 

Potassium Tetrakis (4-Chlorophenyl) Borate
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3.3.4.4 UV Absorbance for N-AJkyl-Pyrrolidinones

The equilibrium concentrations of pyrrolidinones were determined by 

measuring their UV absorbance (U-2001 UVA/is Spectrophotometer, HITACHI) 

at >.=205 nm. For individual pyrrolidinone solutions, the unknown concentration 

can determined by the UV absorbance directly according to Beer’s Law from a 

calibration curve. However, for binary mixtures of L77 and pyrrolidinone(CnP), 

when the concentration of pyrrolidinone is determined by UV absorbance, the 

contribution of L77 to the UV absorbance must be deducted. The calibration 

curves of L77 and C10P are shown in Figure 10 for example.

According to Beer’s Law, the total absorbance for a multicomponent 

system is given by11411:

A t o t a .  = A i + A z + "  + A n = £ ^ 0 , +e2bc2 + • + e nbcn (81)

where e is decadic molar extinction coefficient of components, in M*1cm'1.

which depends on the wavelength selected; b the length of cuvette, which is

1.00 cm; c the concentration of each components, in mol/L; the subscripts refer 

to components 1, 2,...,n. Therefore, the absorbance of pyrrolidinone(CnP) in 

the mixture with L77 can be calculated by

A CnP = A total — A L77 “ A total ~ e L77 ‘ ®L77 (82)
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Figure 10. UV Calibration Curves of L77 and CI0P
at X.=205 nm

(In Phosphate Buffer Solution, pH«7.00, 25 °C)
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The value of 6 t n  can be pre-determined, and Ct.77 can be titrated as

described above. The data of the decadic molar extinction coefficients, s , for

L77, C4P, CHP, C6P, C2.6P, C8P and C10P at >.=205 nm are listed in Table 2,

page 63.

The procedures to measure the UV absorbance are:

1. Turn the instrument on, check if the cartridge is installed inside the printer, 

turn the printer on.

2. Perform a self-diagnosis and automatic wavelength calibration.

3. After initialization, the “Main Menu” screen appears on the display, then 

select wavelength scan from the Main Menu.

4. Select the ABS (Absorbance) as the data acquisition mode.

5. Enter the wavelength scan test setup variables as: Strat WL: 400 nm; Stop 

WL: 200 nm; UP Scale: 2.500; LO Scale: -0.300; Scan Speed: 100 nm/min.

6. Select the instrumental setup and its variables as: Baseline: User; Response: 

Medium; Lamp Change WL: 340 nm; Wl Lamp: ON; D2 Lamp: ON.

7. Collect a user baseline: Rinse two cuvettes thoroughly at least 3 times with 

distilled water, then do the same thing with buffer solution. Dry their outsides 

carefully with a Kimwipe, then place the cuvettes containing a reference 

(buffer) and blank solution (buffer) in both the reference (back) and sample 

(front) positions, cover the chamber completely. Highlight “User Baseline" on 

the screen in the WL Scan submenu list, then press "ENTER" key. Press
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“FORWARD" key, the measurement screen appears with axes dimensioned 

for the impending scan. Press “START” key to begin collection of the 

background spectrum. The base line should be a nearly straight line. The 

data are stored in the baseline memory location and are used in all 

subsequent measurements until a new baseline replaces the current one.

8. Remove the sample cuvette and rinse it thoroughly at least 3 times with 

sample solution to be measured, then fill it with the sample solution and dry 

outsides. Place the sample cuvette in the front holder, cover the chamber. 

Press “START’ to begin collection of absorbance.

9. Use the crosshair to trace the spectrum and acquire ABS data from the 

spectrum directly. Use the arrow keys to move the crosshair to 205 nm, the 

corresponding ABS value appears in the cursor windows. Repeat the 

wavelength scan 5-7 times, take the average of all measurements at this 

wavelength.
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CHAPTER 4 

RESULTS AND DISCUSSION

Part I

Adsorption at Various Interfaces

4.1 At the Air/Aqueous Solution Interface^la)

4.1.1 Adsorption of Individual Surfactants

The adsorption (Tua) of surfactant at the air/aqueous solution interface

can be obtained from the plot of surface tension (Yla) versus log C by use of

equation (31). Data for these individual surfactants have been published. 

However, these published results were obtained with different solvents and by 

different techniques. In our laboratory, the adsorption of C2.6P, C8P and C10P 

at the air/liquid interface has been measured in “quartz” water or 0.1 M NaCI 

solution in quartz water*1421. In H. T. Davis' group, they measured surface 

tension of L77 in the media of quartz water, and then calculated the result of 

minimum areas per molecule a t the air/aqueous solution1251. However, the 

adsorption of these materials a t the air/aqueous solution interface from
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phosphate buffer solution have not been measured. In order to prevent 

hydrolysis of L77, all measurements on solutions of L77 and the N-alkyl 

pyrrolidinones were done in phosphate buffer solution at pH 7.00.

Figure A-1 shows plots of Yla vs . log C of L77, and of C4P, CHP, C6P,

C2.6P, C8P, and C10P in phosphate buffer solution. The minimum areas per 

molecule at the air/aqueous solution, An,in in A2, calculated from the maximum 

slopes of the plots in Figure A-1 and equation (31), are listed in Table A-1. By 

comparing the results listed in Table A-1 with the available published data, it 

can be found that they are in good agreement with the results published by this 

laboratory and H. T. Davis’ group. They also indicate that the phosphate buffer 

solution has no significant effect on the adsorption of the N-Alkyl-pyrrolidinone 

and trisiloxane surfactant at the air/aqueous solution interface.

The maximum adsorption ( r la.Max) • called the effectiveness of adsorption, 

of the trisiloxane surfactant L77 and N-alkyl-pyrrolidinones at the air/aqueous 

interface increases in the order L77<C4P<CHP<C2,6P<C6P<C8P<C1 OP. L77 

has the smallest adsorption at the interface because of its largest hydrophobic 

head group. On the other hand, the adsorption of N-alkyl-pyrrolidinones at the 

interface increases with the length of their hydrophobic chains, except for C2.6P 

which has a branched chain and consequently, a larger area per molecule at
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the interface than C6P. C4P has the shortest hydrocarbon chain, and therefore 

the smallest adsorption at the interface, while C10P has the longest one, and 

the greatest adsorption. This is consistent with the well-known observation that 

the adsorption at the air/aqueous solution interface of surfactants with the same 

hydrophilic head group and homologous hydrocarbon chains increases with the 

length of the hydrocarbon chain.

Table A-1 also lists the pC20 (the negative log of the surfactant molar 

fraction, C20. that reduces the surface tension of the solvent by 20 mN/m,) 

values, a measure of the efficiency of adsorption of the surfactant at the 

interface and AG^ (standard free energy of adsorption) values calculated by 

use of equations(13) and(44). L77 has the greatest adsorption efficiency at the 

air/aqueous solution interface, although it has the lowest adsorption 

effectiveness at the interface. Its most negative standard free energy of 

adsorption at the interface indicates that it also possesses highest tendency to 

adsorb at the air/aqueous solution interface, compared to the investigated N- 

alkyl-pyrrolidinones. This is probably because of the lower surface free energy 

produced by the methyl groups in its hydrophobic group. For the N-alkyl- 

pyrrolidinones, their adsorption efficiency increases in the order. 

C4P<CHP<C6P<C2<6P<C8P <C10P, which is exactly the order of increasing in 

the length of the hydrocarbon chain in the molecule.
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4.1.2 Adsorption off Surfactant MBxtures at the Air/Liquid Interface

( i)  L77-C4P Mixtures: Figure B-1 shows plots of Yla vs. log C of L77,

C4P and their mixed solutions at different mole fractions of L77. The results of 

adsorption at the air/aqueous solution interface are listed in Table A-2. In 

Table A -2, when the mole fraction of L77, aL77, equals 1.000, the solution 

contains L77 only, when gclt? equals 0.000, the solution contains C4P only. The 

values of aL77 in the mixture solutions are the initial mole fractions of L77, 

before adsorption equilibrium. However, it is usually considered to be 

unchanged after adsorption equilibrium because the adsorption amount at this 

interface is so small that the concentration of the two components in the bulk 

solution phase remains the same as that before adsorption equilibrium. From 

the results, it can be seen that the total maximum adsorption of the mixtures 

increases slightly with decrease o f aL77, or with increase of mole fraction of 

C4P. This is due to the slightly larger maximum adsorption of C4P at the 

interface. Furthermore, it can be seen that total adsorption of the mixtures 

appears to reach a maximum at aL77=0.209. However, this is within the 

experimental error of the measurements.

(ii) L77-CHP Mixtures: Figure B-2 shows plots of Yla vs. log C of L77, 

CHP and their mixed solutions at different mole fractions of L77. The results of 

adsorption at the air/aqueous solution interface are listed in the Table A-3.
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From the results, it can be seen that the total maximum adsorption of the 

mixtures again increases with a decrease of ai.77, or with an increase of mole 

fraction of CHP, again due to the larger maximum adsorption of CHP at the 

interface( 3.05x10"10 mol/cm2).

(iii) L77-C6P M ixtures: Figure B-3 shows plots of Yla vs. log C of L77, 

C6 P and their mixed solutions at different mole fractions of L77. The results of 

adsorption at the air/aqueous solution interface are listed in Table A -4. From 

the results, it can be seen that the total maximum adsorption of the mixtures 

increases with a decrease of ai.77. or with an increase of mole fraction of C6 P. 

This is due to the larger maximum adsorption of C6 P at the interface(3.71xlO~10 

mol/cm2).

(iv) L77-C2.6P M ixtures: Figure B-4 shows plots of Yla vs. log C of

L77, C2.6P and their mixed solutions at different mole fractions of L77. The 

results of adsorption at the air/aqueous solution interface are listed in Table 

A -5. From the results, it can be seen that the total maximum adsorption of the 

mixtures increases with a decrease of ai.77, or with an increase of mole fraction 

of C6 P. This is due to the larger maximum adsorption of C2.6P at the 

interface(3.54x10~10 mol/cm2).
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(v) L77-C8P Mixtures: Figure B-5 shows plots of Yla v s . log C of L77, 

C8P and their mixed solutions at different mole fractions of L77. The results of 

adsorption at the air/aqueous solution interface are listed in Table A-6. From 

the results, it can be seen that the total maximum adsorption of the mixtures 

increases with decrease of aL77, or with increase of mole fraction of C8P. This is 

due to the larger maximum adsorption of C8P at the interface(4.34xlO~10 

mol/cm2).

(vi) L77-C10P M ixtures: Figure B-6 shows plots of Yla v s . log C of

L77, C10P and their mixed solutions at different mole fractions of L77. The 

results of adsorption at the air/aqueous solution interface are listed in Table 

A-7. From the results, it can be seen that the total maximum adsorption of the 

mixtures increases with a decrease of a i . 7 7 .  or with an increase of mole fraction 

of C10P. This is due to the larger maximum adsorption of C10P at the 

interface(4.45x1 O'10 mol/cm2).

Summary: Plots of the total adsorptions of the mixtures at the air/aqueous

solution interface are shown in Figure A-2. From the plots, it can be seen that, 

for the mixtures of the N-alkyl-pyrrolidinones and SILWET L77, the total 

surfactant adsorption at the air/aqueous solution interface increases with a 

decrease in the mole fraction of L77, but there is no linear relationship between
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them. The increase in total surfactant adsorption of the mixture with an increase 

in the mole fraction of the N-alkyl-pyrrolidinones reflects the larger maximum 

adsorption value of the pyrrolidinone than of the L77. The concave shapes of 

the plots, however, indicate the total adsorption of the mixture is less than that 

expected from proportionate replacement of L77 by N-alkyl-pyrrolidinones.
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Figure A-1. Surface Tension of L77 and Pyrrolidinones(CnP)

at Air/Aqueous Solution Interface

(Phosphate Buffer Solution, pH=7.00, 25 °C)

a L77 
A C4P 
A CHP 
o C6P
♦ C2.6P 
o C8P
•  C10P

70

E
z
E

20

-6 -5 -4 -3 0-2 1

LogC (M)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



88

Table A-1. Interfacial Properties of L77 and 

the Individual N-Alkyl Pyrrolidinones 

at the Air/Aqueous Solution Interface

(In Phosphate B uffer Solution, pH *7.00, 25 °C)

Compounds r  LA.max

(mol/cm2) Amin (A2) PC20
AG°,d

(kJ/mol)

L-77 2.52x1 O'10 66.0 5.95 -51.9

C4P 2.60x1 O'10 63.9 1.05 -23.7

CHP 3.05x10"10 54.4 1.85 -27.1

C6P c*> X o 1 o 44.8 2.35 -28.8

C2.6P 3.54x10_1° 46.9 3.05 -33.0

C8P 4.34x10‘ 10 38.3 3.25 -33.1

C10P 4.45x1 O’ 10 37.3 4.25 -38.7
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Table A-2. Adsorption Resalts of the Mixtures of L77 and C4P

at the Air/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

- "  
0t|_77

(Ini.)
C4P

(wt%)
dyiA

dlogC
r  LA,max

(mol/cm2)
ALA.min

(A2)

1.000 0.0 -14.4 2.52x1 O'10 65.9

0.805 4.7 -14.4 2.53x10'10 65.6

0.611 11.4 -14.7 2.57x10*10 64.6

0.475 18.2 -15.0 2.62x1 O'10 63.4

0.313 30.7 -15.2 2.66x10*10 62.4

0.209 43.3 -15.3 2.68x10‘to 62.0

0.110 62.0 -15.2 2.66x1 O'10 62.4

0.029 87.1 -15.0 2.62x1 O'10 63.4

0.000 100.0 -14.8 2.60x10 10 63.9
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Table A-3. Adsorption Results of the Mixtures of L77 and CHP

at the Air/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

O .L77
(Ini.)

CHP
(wt%)

dYLA

dlogC
LA,max

(mol/cm2)
ALA,min

(A2)

1 . 0 0 0 0 . 0 -14.4 2.52x1 O' 10 65.9

0.838 4.4 -14.8 2.59x10 ' 10 64.1

0.694 9.5 -14.9 2.61x10'10 63.6

0.581 14.7 -15.2 2.66x1 O' 10 62.4

0.407 25.8 -15.7 2.75x10''° 60.4

0.253 41.3 -16.1 2.82x10*10 58.9

0.115 64.7 -15.5 2.72x10*10 61.0

0.058 79.5 -16.7 2.92x1 O' 10 56.9

0.000 1 0 0 . 0 -17.4 3.05x10*10 54.4
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Table A-4. Adsorption Results of the Mixtures of L77 and C6P

at the Air/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH *7.00, 25 °C)

(XL77
(Ini.)

C6 P
(wt%) dlogC

r  LA, max

(mol/cm2)
AtA.min

(A2)

1 . 0 0 0 0 . 0 -14.4 2.52x1 O’ 10 65.9

0 . 8 6 8 4.5 -14.8 2.60x1 O' 10 63.9

0.735 8 . 0 -15.1 2.65x10‘10 62.7

0.574 15.2 -15.6 2.74x10 ‘ 10 60.6

0.417 25.2 -15.8 2.77x1 O ’ 0 59.9

0.243 42.9 -16.7 2.93x10* 10 56.7

0.152 57.4 -18.6 3.25x10*10 51.1

0.028 89.3 -2 0 . 2 3.54x1 O' 1 0 46.9

0.000 1 0 0 . 0 -2 1 . 2 3.71x10‘10 44.8
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Table A-5. Adsorption Results of the Mixtures of L77 and C2,6P

at the Air/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH *7.00, 25 °C)

0t|_77

(Ini.)
C2.6P
(wt%)

dYLA
dlogC

r  LA,max
(mol/cm2)

AiA.min

(A2)

1.000 0.0 -14.4 2.52x10*10 65.9

0.825 5.6 -15.1 2.64x10*10 62.9

0.651 13.1 -15.4 2.69x1 O'10 61.7

0.501 21.9 -16.3 2.85x10*10 58.3

0.381 31.4 -16.8 2.94x10‘10 56.5

0.220 49.9 -18.4 3.22x1 O’10 51.6

0.096 72.6 -19.1 3.34x10‘10 49.7

0.025 91.6 -19.7 3.45x10*10 48.1

0.000 100.0 -20.2 3.54x1 O'10 46.9
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Table A-6 . Adsorption Results of the Mixtures of L77 and C 8 P

at the Air/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH =7.00, 25 °C)

0tL77

(Ini.)
C8P

(wt%)
<*Yla

dlogC
r  LA,m*x

(mol/cm2)
ALA.min

(A2)

1.000 0.0 -14.4 2.52x10'10 65.9

0.906 2.8 -15.0 2.63x10"10 63.1

0.791 6.9 -15.1 2.65x10‘10 62.7

0.660 12.7 -15.4 2.70x10'1° 61.5

0.535 19.7 -15.6 2.74x10‘10 60.6

0.375 31.9 -16.3 2.85x10'10 58.3

0.222 49.7 -18.6 3.26x10 10 50.9

0.085 75.2 -22.1 3.87x10‘10 42.9

0.000 100.0 -24.8 4.34x10*10 38.3
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Table A-7. Adsorption Results of the Mixtures of L77 and CIOP 

at the Air/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH *7.00, 25 °C)

<Xl77
(Ini.)

C10P
(wt%) dlogC

LA,max

(mol/cm2)
ALA,min

(A2)

1.000 0.0 -14.4 2.52x10‘10 65.9

0.867 4.7 -15.1 2.64x10'10 62.9

0.707 11.8 -15.8 2.77x1 O'10 59.9

0.575 19.2 -16.8 2.95x1 O'10 56.3

0.435 29.5 -18.5 3.24x10‘10 51.2

0.307 42.0 -20.4 3.58x10*10 46.4

0.186 58.4 -21.8 3.82x1 O'10 43.5

0.077 79.4 -23.9 4.19x10‘10 39.6

0.000 100.0 -25.4 4.45x1 O'10 37.3 I
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Figure A-2. Total Adsorption T u .n »  versus CXlt? of L77, CnP, 

and Their Mixtures at the Air/Aqueous Solution Interface

(Phosphate Buffer Solution, pH=7.00,25 °C)

5.00

4.50

"g 4.00

0  
E

*0  3.50
><

X

1 
5

U  3.00

2.50

2.00
0.0 0.2 0.4 0.6 0.8 1.0

Q-L77

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



96

4.2 Adsorption at the Liquid/Solid Interface (rsi.)

4.2.1 Adsorption of the Individual Surfactants

Unlike measurements of adsorption at the air/aqueous solution interface, 

which are calculated indirectly from surface tension data, adsorption of 

surfactants and their mixtures at the solid/aqueous solution interface was 

determined directly, as described in Section 3.3.4. Figure A -3 shows the 

adsorption isotherms of L77, C4P, CHP, C6 P, C2.6P C8 P and C10P on the 

surface of powdered polyethylene. All measurements were made on surfactant 

solutions in phosphate buffer at pH = 7.00 and were taken to sufficiently high 

concentration to ensure the formation of a monolayer at the solid/aqueous 

solution interface. All the adsorption isotherms with the exception of the C10P 

isotherms show Langmuir-type adsorption. The adsorption on the powdered 

polyethylene surface increases in the order: C4P < CHP < C6 P < C2,6P < C8 P 

< L77 < C10P. According to equation (45), C^/Tsc versus C*, for L77, C4P, 

CHP, C6 P, C2.6P C8 P and C10P are plotted and shown in Figure A -4. The 

plots are linear for all the compounds except C10P. Table A - 8  lists the 

adsorption free energies, calculated by using equation (51), surface 

concentrations of surfactant a t monolayer adsorption, and correlation 

coefficients of the plot of C«q/TSL versus C*, for L77 and the individual N-Alkyl
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pyrrolidinones. From Table A -8 , the absolute value of the negative adsorption 

free energy of the investigated surfactants decreases in the order: L77 > C8 P -  

C6 P > CHP -  C2.6P > C4P > C10P. L77 has the most negative adsorption free 

energy at the solid/aqueous solution interface. This is probably due to the 

methyl groups its hydrophobic group. With the exception of C10P and C2.6P, 

this order for the pyrrolidinones is the same as that at the air/aqueous solution 

interface; the expected decrease, for the pyrrolidinones, with decrease in the 

alkyl chain length. Since C10P appears not to show true Langmuir-type 

adsorption, as shown by its poor correlation coefficient (R2) of 0.802, for linearity 

of equation (45), the value of -31 .8  kJ/mol, calculated from equation (51). is 

probably not correct. The reason fo r the relatively poorer adsorption of C2.6P at 

the solid/liquid interface than at the air/aqueous solution interface is not known, 

but may be related to its branched-chain structure. It is noteworthy that, 

although the adsorption tendency of C10P on powdered polyethylene may 

possibly be low, it has the highest adsorption effectiveness on polyethylene 

powder, showing the largest adsorption amount in Figure A-3.

4.2.2 Adsorption of Surfactant Mixtures at the Solid/Aqueous 

Solution Interface

As described in Chapter 3, the adsorption amounts of L77 and the 

pyrrolidinones(CnP) from their mixed solutions onto the polyethylene/aqueous
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solution interface were measured by use of two phase titration and UV 

spectroscopy, respectively. In order to find the effect of the addition o f a 

pyrrolidinone on the adsorption of L77 at the interface, the adsorptions of L77 

and ail N-alkyl-pyrrolidinones in their mixtures with different initial mole 

fractions of L77 were compared with their adsorption by themselves at the 

same equilibrium concentration.

Experimental data are listed in Table B-50 to Table B-91, including the 

fixed initial mole fraction of L7 7 (aL7 7 .im). initial total concentration(Cini, total). initial

concentration of L7 7 (Cinj,L77), initial concentration of CnP(C,m.cnp). weight of the 

polyethylene powder used (g), adsorption amount of L77(Ads. L77), adsorption 

amount of CnP(Ads.CnP), total adsorption (Ads.Total) of L77 plus CnP, 

equilibrium concentration of L77(Ceq .1.77), equilibrium concentration of 

CnP(Ceq.cnp), total equilibrium concentration(Ceq.toui) of L77 plus CnP, mole 

fraction of L77 in the bulk solution phase at adsorption equilibrium(aL77.eq). and 

mole fraction of L77 in the adsorbed layer at adsorption equilibrium(XL77.eq.)- In 

addition, the related adsorption isotherms are shown in Figure B-13 to Figure 

B-54. In these figures, all adsorption isotherms of individual L77 and individual 

CnP are the same, used for comparison of the adsorption of L77 and CnP from 

their mixed solutions. All solutions were made below or around the C.M.C. for 

L77and below their solubilities for N-aikyi-pyrrolidinones.
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(i) L77-C4P M ixtures: The experimental data are listed in Table B-50 to 

Table B-56. The adsorption isotherms are shown in Figure B-13 to Figure 

B-19.

In Figures B-13 and B-14, it can be seen that for the mixtures, all with 

initial mole fractions, a L77.im 0.034 and 0.137, the adsorption amount of L77 is

less than that of L77 individual at the same equilibrium concentration, the 

adsorption amount of C4P is almost the same as C4P individual at the same 

equilibrium concentration, the total adsorption of L77 and C4P in the mixtures is 

lower than the adsorption of L77 at the same equilibrium concentration. This is, 

because at these very small fixed initial mole fractions of L77 in the mixtures, 

the mixtures contain mainly C4P. Therefore, the adsorption of C4P from the 

mixtures is nearly the same as from pure C4P solutions. On the other hand, the 

number o f moles of L77 in the mixture solutions is too small to reach the 

adsorption amount from L77 solution. Furthermore, there is no synergism in the 

adsorption from these mixtures with these fixed initial a i.77 values, as indicated 

by the fact that the total mixed adsorption of L77 plus C4P is less than an L77 

solution or C4P solution. From the corresponding Tables B-50 and B-51, it 

can be seen that the equilibrium mole fraction of L77 in the bulk solution phase 

changes with the equilibrium concentration. At low equilibrium concentrations,

the values of a 1.77.aq. is much less that of a 1.77.1ni. meaning that L77 and C4P
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were not adsorbed equally or proportionally onto the polyethylene/aqueous 

solution interface. L77 molecules were adsorbed at the interface much more 

than C4P. This can be explained by the much higher adsorption efficiency of 

L77 at solid/aqueous solution interface as discussed in the previous part. The 

equilibrium mole fraction o f L7 7 (aL77.eq.) increases with an increase in the

equilibrium concentration, becoming close to its initial value, but it is always 

smaller than its initial value. This is because there are always more L77 

molecules adsorbed at the interface. However, the difference becomes smaller 

and smaller. This is because at the high equilibrium concentration, the 

adsorption amount is not large enough to change the initial concentration 

greatly. Consequently, it can not change the initial fixed mole fraction greatly. 

From the tables, it can also be seen that the mole fraction of L77 in the 

adsorbed layer is almost a constant at all equilibrium concentrations and much 

larger than that in the bulk solution phase, particularly at low equilibrium 

concentrations. This again can be explained as a result of the high adsorption 

efficiency of L77 at the solid/aqueous solution interface.

In Figures B-15 and B-16, it can be seen that when the mixed solutions 

of L77 and C4P were made at initial mole fractions of L77 of 0.243 and 0.353, 

adsorption of L77 and C4P from their mixture solution is larger than that from 

their individual solutions. That means if L77 and C4P are mixed in mole ratios of 

1:3 or 1.2, both adsorptions at the polyethylene/aqueous solution interface of
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L77 and CAP from their mixed solutions can be enhanced by each other. There 

is a synergistic effect on their adsorption. This is, the total adsorption is 

enhanced by the addition of C4P to the mixtures.

Figure B-17 shows the adsorption isotherms of L77 and C4P from their

mixed solution onto the polyethylene with aL77..m =0.503. It can be seen that

when L77 and C4P are mixed in 1:1 mole ratio, only the adsorption of L77 can 

be enhanced, however, the adsorption of C4P is almost the same as from its 

individual solution.

Figure B-18 shows the adsorption isotherms of L77 and C4P from their

mixed solution onto the polyethylene with a L77.,ni =0.634. It can be seen that

when L77 and C4P are mixed in about 2:1 mole ratio, the adsorption of L77 can 

be enhanced slightly. However, the adsorption of C4P is less than that from its 

individual solution. The reason might be that most of the adsorption sites on 

the polyethylene surface are occupied by L77 molecules, which results in a 

decrease in adsorption o f C4P molecules at the polyethylene surface.

Figure B-19 shows the adsorption isotherms of L77 and C4P from their

mixture solution with a 1.77 .ini.=0.819 onto the polyethylene. It can be seen that

when L77 and C4P are mixed in about 4:1 mole ratio, the adsorption of L77 

from the mixture solution is nearly the same as from its individual solution, the
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adsorption of C4P is much less than that from its individual solution, and 

approaches 0. Again, the reason might be that the mixed solution contains so 

much L77, a surfactant with much higher adsorption efficiency on polyethylene, 

that the behavior of this solution is very close to that of its individual solution. 

The adsorption sites on the solid surface are almost completely occupied by 

L77 molecules.

The adsorption results of the mixtures of L77 and C4P at various fixed 

initial L77 mole fractions are listed in Table A-9.

(ii) L77-CHP M ixtures: The experimental data are listed in Table B-57 to 

Table B-63. The adsorption isotherms are shown in Figures B-20 to B-26.

In Figure B-20, it can be seen that for the mixtures with fixed initial oiL77..n.

=0.067, the adsorption amount of L77 is less than that of individual L77 at the 

same equilibrium concentration. The adsorption amount of CHP at very low 

concentration is almost the same as CHP, but it becomes lower at higher 

concentration. It reaches saturation at about 2x10-4  M. The saturated 

adsorption is about 1 x 1 0 " 10 mol/cm2. The total adsorption of L77 and CHP in the 

mixtures is lower than the adsorption of L77 at the same equilibrium 

concentration, but it becomes larger at higher total concentration. An 

explanation is that, although this mixed solution contains only very little L77, its

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



103

tendency to adsorb at the solid interface is greater than that of CHP, but its 

concentration in the bulk solution is not high enough to establish a saturation 

adsorption. For CHP, although its concentration is high enough in the bulk 

solution, the adsorption sites on the polyethylene surface have been mainly 

occupied by the more active L77 molecules. As a result, its adsorption is still 

low and reaches saturation quickly. The related experimental data are listed in 

Table B-57.

Figure B-21 shows the adsorption isotherms of mixture with fixed initial 

O l77.w -0 .136 . The difference from Figure B-20 is that the adsorption of L77

from the mixture is a little higher than from its individual solution. The adsorption 

of CHP still reaches saturation at low concentration, but the saturated 

adsorption amount is smaller than the previous one. This is because the 

amount of CHP is less, due to the higher fixed initial a 1.77.ni in these solutions. 

The related experimental data are listed in Table B-58.

Figures B-22 to B-24 show the adsorption isotherms of mixtures with

fixed initial a 1.77.im =0.285, 0.438, 0.602, respectively. From the adsorption

isotherms, it can be seen that adsorption of L77 from the mixture is greater than 

from its individual solution, but the saturated adsorption of CHP is smaller than 

from its individual solution. However, the adsorption of CHP from the mixed 

solution at low concentration is higher than from its individual solution for the
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mixtures of a L77.im =0.285 and 0.438. That means that when L77 and CHP were

mixed at those initial mole fractions, synergism between these two different 

molecules occurred; both of their adsorptions onto the polyethylene surface 

were enhanced at low concentration. The related experimental data are listed in 

Tables B-59, B-60 and B-61.

Figure B-25 shows the adsorption isotherms of L77 and CHP onto

polyethylene from their mixture with otL77.in..=0.712. It can be seen that when L77

and CHP were mixed in this molar ratio, only the adsorption of L77 was 

enhanced; the adsorption of CHP was much less than from its individual 

solution. However, the total adsorption of the two surfactants on the 

polyethylene was still greater than that of L77. The related experimental data 

are listed in Table B-62.

Figure B-26 shows the adsorption isotherms of L77 and CHP onto the

polyethylene from their mixture with a 1.77.in1J=0.850. It can be seen that when L77

and CHP are mixed in this molar ratio, the adsorption of L77 from the mixture is 

nearly the same as from its individual solution; the adsorption of CHP is almost 

equal to 0. The reason might be that such a mixed solution contains so much 

L77, a surfactant with much higher adsorption efficiency onto polyethylene, that 

the behavior of this solution is very close to that of its individual solution. The 

adsorption sites on the solid surface are almost occupied completely by L77

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



105

molecules; therefore, the adsorption of CHP at the solid surface is almost 0. 

The related experimental data are listed in Table B-63.

The adsorption results of the mixtures of L77 and CHP at various fixed 

initial L77 mole fractions are listed in Table A-10.

(iii) L77-C6P M ixtures: The fixed initial mole fractions of L77 used for 

mixed solutions of L77 and C6 P(aL77.im) are 0.039, 0.172, 0.269, 0.441, 0.595, 

0.751, 0.877. The experimental data are listed in Tables B-64 to B-70. The 

adsorption isotherms are shown in Figures B-27 to B-33.

In Figure B-27, it can be seen that for the mixtures with fixed initial

otL77.ims0.039, the adsorption amount of L77 is less than that of L77 individual at

the same equilibrium concentration. The adsorption amount of C6 P at low 

concentration is almost the same as C6 P individual, but it becomes lower at 

higher concentration. It reaches saturation at about 5x10~5 M, the saturated 

adsorption is about 1.5x1(T10 mol/cm2. The total adsorption of L77 and C6 P in 

the mixtures is lower than the adsorption of L77 individual at the same 

equilibrium concentration, but it becomes larger at higher total concentration. 

An explanation is that, although this mixed solution contains very little L77, its 

adsorption tendency at the solid interface is greater than that of C6 P, but its 

concentration in the bulk solution is not high enough to establish a saturation
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adsorption. For C6P, although its concentration is high enough in the bulk 

solution, the adsorption sites on the polyethylene surface have been mainly 

occupied by the more active L77 molecules. As a result, its adsorption is still 

low and reaches saturation quickly. The related experimental data are listed in 

Table B-64.

Figure B-28 shows the adsorption isotherms of mixture with fixed initial 

a L7 7 >n,=0.172. The difference from Figure B-27 is that the adsorption of L77

from the mixture is a little higher than from its individual solution. The adsorption 

of C6P still gets saturated at low concentration, but the saturated adsorption 

amount is about 1.0xl0_1° mol/crrr2, smaller than the previous one. This is 

because the amount of C6P is less, due to the higher fixed initial aL77,.m in these 

mixtures. The related experimental data are listed in Table B-65.

Figures B-29 to B-31 show the adsorption isotherms of mixtures with 

fixed initial aL77.im =0.269, 0.441, 0.595, respectively. From the adsorption 

isotherms, it can be seen that the adsorption effectiveness of L77 from the 

mixed solutions is 3.4x10-10 mol/cm2, 3.2x10"10 mol/cm2 and 3.0x10_1° mol/cm2, 

respectively, which is greater than from its individual solution, 2.7xlO-10 

mol/cm2. But they decrease with an increase of the fixed initial mole ratio of 

L77. That means that when L77 and C6P were mixed in the above mole ratios 

of L77 to C6P, the mixtures showed synergism in the adsorption of L77 on the
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polyethylene, and the maximum synergism was obtained at a L77 ,m =0.269. The

saturated adsorptions of C6P from the mixed solutions are much smaller than 

from its individual solution. There is no synergism found in the adsorption of 

C6P on the polyethylene surface. The related experimental data are listed in 

Table B-66, Table B-67 and Table B-68.

Figure B-32 shows the adsorption isotherms of L77 and C6P onto

polyethylene from their mixture solution with aL77..m.=0.751. It can be seen that

when L77 and C6P were mixed at this mole ratio, only the adsorption of L77 

was enhanced, the adsorption of C6P was much less than it from its individual 

solution. However, the total adsorption of the two surfactants on the 

polyethylene was still greater than that of L77. The related experimental data 

are listed in Table B-69.

Figure B-33 shows the adsorption isotherms of L77 and C6P onto

polyethylene from their mixture with ai.77.mi =0.877. It can be seen that when L77

and C6P are mixed in this mole ratio, the adsorption of L77 from the mixture 

solution is nearly the same as it is from its individual solution; the adsorption of 

C6P is almost equal to 0. The reason is that such mixed solution contains so 

much L77, a surfactant with much higher adsorption efficiency at polyethylene, 

that the behavior of this solution is very close to that of its individual solution. 

The adsorption sites on the solid surface are almost completely occupied by
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L77 molecules. Therefore, the adsorption of C6P at the solid surface is almost 

0. The related experimental data are fisted in Table B-70.

The adsorption results of the mixtures of L77 and C6P at various fixed 

initial L77 mole fractions are listed in Table A -1 1.

(iv) L77-C2.6P M ixtures: The fixed initial mole fractions of L77 used for 

mixed solutions of L77 and C2,6P(aL77.im ) are 0.036, 0.115, 0.246, 0.415, 

0.530, 0.672, 0.836. The experimental data are listed in Tables B-71 to B-77. 

The adsorption isotherms are shown in Figures B-34 to B-40.

Figure B-34 shows the adsorption isotherms of L77, C2,6P from their 

mixed solutions and the total adsorption on powdered polyethylene. It can be 

seen that for the mixtures with fixed initial aL77.,ms0.036, the adsorption amount

of L77 is less than that of L77 solution at the same equilibrium concentration. 

The adsorption amount of C2.6P at very low concentration is almost the same 

as C2.6P alone, but it becomes lower at higher concentration. Its adsorption 

reaches saturation at about 1.5xl<0~* M, the saturated adsorption is about 

1.35x1 O'10 mol/cm2. The total adsorption of L77 and C2.6P in the mixtures is 

lower than the adsorption of L77 solution at the same equilibrium concentration, 

but it becomes larger at higher total concentration. An explanation is that, 

although this mixed solution contains very little L77, the adsorption tendency of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



109

L77 at the solid interface is greater than that of C2.6P, but its concentration in 

the bulk solution is not high enough to establish a saturated adsorption. For 

C2.6P, although its concentration is high enough in the bulk solution, the 

adsorption sites on the polyethylene surface have been mainly occupied by the 

more active L77 molecules. As a result, its adsorption is still low and reaches 

saturation quickly. The related experimental data are listed in Table B-71.

Figure B-35 shows the adsorption isotherms of mixtures with fixed initial 

aL77.mi=0.115. The adsorption of L77 from the mixture at very low concentration 

is higher than from its individual solution, but the saturation adsorption is still 

lower. The adsorption of C2.6P from the mixture at low concentration (<4x1 O' 5 

M) is greater than from its individual solution, and reaches saturation at the 

concentration(-4xl0~5 M). The saturated adsorption is about 1.0x10" 10 mol/cm2, 

which is smaller than from its individual solution. An explanation is that, the 

adsorption tendency of L77 onto the solid is greater than that of C2.6P, L77 

molecules occupy most of adsorption sites on the solid surface and establish an 

adsorption equilibrium at the higher concentration. Therefore, both L77 and 

C2.6P reaches their saturation adsorption at the higher concentration. The 

related experimental data are listed in Table B-72.

Figure B-36 and Figure B-37 show the adsorption isotherms of L77 and 

C2.6P on polyethylene powder from their mixtures with fixed initial aL77..n«
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=0.246, 0.415, respectively. From the adsorption isotherms, it can be seen that 

the adsorption of L77 from the mixed solutions is enhanced over whole range of 

concentration measured. The maximum adsorption of L77 from these two 

mixtures are 2.9xlO -1 0  mol/cm2, 3.7x10" 10 mol/cm2, respectively. They are 

greater than from its individual solution, 2.7x10 ' 10 mol/cm2. These mixtures 

show significant synergism in the adsorption of L77 on the polyethylene, and 

the maximum synergism is obtained at aL77..m =0.415. The adsorption of C2.6P

from the mixture is enhanced at low concentrations, but its saturation 

adsorption from the mixed solutions are much lower than from its individual 

solution. The related experimental data are listed in Tables B-73 and B-74.

Figure B-38 and Figure B-39 show the adsorption isotherms of L77 and 

C2,6P onto powdered polyethylene from their mixtures with aL77.,m.=0.530 and

0.672. From the figures, it can be seen that the adsorption of L77 from the 

mixed solutions is enhanced remarkably over the whole range of concentrations 

measured. The maximum adsorptions for these two mixtures are 3.7x1 O' 10 

mol/cm2, 3.4x10" 10 mol/cm2, respectively. They are greater than from its 

individual solution, 2 .7 x 1 0 "10 mol/cm2. This means a significant synergism was 

produced between the molecules o f L77 and C2.6P. However, the saturated 

adsorptions of C2.6P from these mixtures are only about 5 .0 x 1 0 " 11 moi/cm2 and 

3 .0 x 1 0 "11 mol/cm2, much lower than from its individual solution. The total
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adsorption is much greater than that o f L77 from its individual solution. This is 

due to the significant enhancement in the adsorption of L77 from the mixtures. 

The related experimental data are listed in Table B-75 and Table B-76.

Figure B-40 shows the adsorption isotherms of L77 and C2.6P onto 

polyethylene from their mixture with aL77.,ni.=0.836. From the figure, it can be 

seen that when L77 and C2.6P are mixed in this mole ratio, the adsorption of 

L77 from the mixture at low concentrations (<2x10 s M) is nearly the same as 

from its individual solution. The adsorption of L77 from the mixture increases 

slightly with an increase in equilibrium concentration. The adsorption of C2.6P 

is very small, or approaches 0. The total adsorption is almost the same as that 

of L77 from the mixed solution. The reason is that such mixed solutions 

contains so much L77 that the total adsorption is dominated by L77. The 

adsorption sites on the solid surface were almost completely occupied by L77 

molecules. Therefore, the adsorption o f C2.6P on the solid surface is almost 0. 

The related experimental data are listed in Figure B-77.

The adsorption results of the mixtures of L77 and C2.6P at various fixed 

initial L77 mole fractions are listed in Table A-12.

(v) L77-C8P M ixtures: The fixed initial mole fractions of L77 used for 

mixtures of L77 and C8 P(aL77.ini) are 0.094, 0.244, 0.401, 0.551, 0.672, 0.799,
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0.908, respectively. The experimental data are listed in Tables B-78 to B-84. 

The adsorption isotherms are shown in Figures B-41 to B-46.

Figure B-41 shows the adsorption isotherms of L77, C8 P from their 

mixture and the total adsorption on powdered polyethylene. From the figure, it 

can be see that for the mixture with fixed initial a L 7 7 .,m = 0 .0 9 4 , the adsorption of

L77 is lower than from its individual solution. The concentration of L77 in the 

bulk solution is not high enough to establish a saturated adsorption because of 

its very small mole fraction in the buBk solution. The adsorption of C8 P from the 

mixture at very low concentration is almost the same as that from its individual 

solution. It reaches saturation at about 1.0x1 O' 4  M, the saturation adsorption of 

C8 P is about 1.55x10-1° mol/cm2, rraich smaller from its individual solution. An 

explanation is that, although the concentration of C8 P in bulk solution is high 

enough, the adsorption sites on polyethylene surface have been mainly 

occupied by L77 molecules. As a result, the adsorption of C8 P is low. The total 

adsorption of L77 plus C8 P in the mixtures is lower than that of L77 individual at 

low concentration, but it becomes larger due to the contribution of the 

adsorption of C8 P from the mixture. The related experimental data are listed in 

Table B-78.

Figure B-42 shows the adsorption isotherms of mixture with fixed initial 

oiL77.ini= 0 . 2 4 4 .  The adsorption of L77 from the mixture over the whole range of
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concentrations measured is higher than from its individual solution. The 

adsorption of C8 P from the mixture at low concentrations is almost the same as 

from its individual solution, but the saturation adsorption is lower than from its 

individual solution. An explanation is that, although this mixed solution contains 

very little L77 and the adsorption tendency of L77 onto the solid interface is 

greater than that of C8 P, however, comparing to C8 P, it is not great enough to 

occupy completely the adsorption sites on the solid surface. Therefore, an 

adsorption equilibrium between the two surfactants at the solid/aqueous 

solution interface is established at an equilibrium concentration. This can be 

seen in this figure or found in Table B-79. The related experimental data are 

listed in Table B-79.

Figure B-43 shows the adsorption isotherms of L77 and C8 P on

polyethylene powder from their mixture with fixed initial a 1.77.in1 =0.401. From the

adsorption isotherms, it can be seen that the adsorption of L77 from the mixed 

solutions is enhanced remarkably over the whole range of concentration 

measured. The maximum adsorption o f L77 from mixture is about 3 .6 x1 0" 10 

mol/cm2, which is greatly greater than from its individual solution, 2.7x10" 10 

mol/cm2, and still increases slightly with an increase in its equilibrium 

concentration. This means that when L77 and C8 P were mixed in this mole 

ratio, the mixture shows a significant synergism in the adsorption of L77 on 

powdered polyethylene. On the other hand, the adsorption of C8 P from the
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mixture is not enhanced. The saturation adsorption of C8 P from the mixed 

solutions is only about 1.2x1 O' 10 mol/cm2, much lower than from its individual 

solution. The adsorption of C8 P from the mixtures does not increase with its 

equilibrium concentration. The reason is that the adsorption of L77 is dominant 

at the solid/liquid interface, and, what is more, it is greatly enhanced by C8 P in 

the mixture. Therefore, more adsorption sites on polyethylene surface are 

occupied L77 molecules. As a result, the adsorption of C8 P at the interface 

reaches saturation quickly with low adsorption effectiveness. The related 

experimental data are listed in Table B-80.

Figures B-44, B-45 and B-46 show the adsorption isotherms of L77 and 

C8 P onto powdered polyethylene from their mixture with (XL77.mi.s 0.551, 0.672

and 0.799, respectively. From the figures, it can be seen that the adsorption of 

L77 from the mixed solutions is almost the same as from the individual solution, 

but enhanced at higher concentrations. The adsorption of L77 from the mixture 

at higher concentration increases slightly with its equilibrium concentration. The 

maximum adsorption of L77 for these three mixtures are 3.3x10-10 mol/cm2, 

3.1 x10-10 mol/cm2 and 2.9x10-10 mol/cm2, respectively. For C8 P, its adsorption 

from the mixture is much lower than from its individual solution. The maximum 

adsorptions of C8 P for these three mixtures are: 8.5x1 O' 11 mol/cm2, 5.5xi0 -11 

mol/cm2 and 3.0x10“ 11 mol/cm2, respectively. This is because the equilibrium 

concentration o f C8 P in the bulk solution decreases with the increase of mole
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ratio of L77. The total adsorption o f the two surfactants on polyethylene is 

greater than that of L77 from its individual solution. This is due the contribution 

of the adsorption of C8 P from the mixture solution. The related experimental 

data are listed in Tables B-81, B-82 and B-83.

Figure B-47 shows the adsorption isotherms of L77 and C8 P onto

powdered polyethylene from their mixture with a 1.77.im =0.908. It can be seen

that when L77 and C8 P are mixed in this mole ratio, the adsorption of L77 from 

the mixed solution over whole range of concentration is nearly the same as 

from its individual solution. The adsorption of C8 P is very small, or approaches 

to 0. The total adsorption of the two surfactants is almost the same as that of 

L77 from the mixture. The reason is that this mixture contains so much L77 that 

the total adsorption is dominated by L77. The adsorption sites on the solid 

surface are almost completely occupied by L77 molecules. Therefore, the 

adsorption of C8 P at the solid surface is almost 0. The related experimental 

data are listed in Table B-84.

The adsorption results o f the mixtures of L77 and C8 P at various fixed 

initial L77 mole fractions are listed in Table A-13.

(vi) L77-C10P M ixtures: The fixed initial mole fractions of L77 used for 

mixtures of L77 and C10P(aL77.,n,) are 0.064, 0.158, 0.271, 0.401, 0.554, 0.690,
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0.855, respectively. The experimental data are listed in Tables B-85 to B-91. 

The adsorption isotherms are shown in Figures B-48 to B-54.

Figures B-48 and B-49 show the adsorption isotherms of L77, C10P

from their mixture with fixed initial 0cc77.ini =0.064, 0.158 and the total adsorption

on powdered polyethylene. It is unexpected that the adsorption of L77 from the 

mixed solution is much lower than that from L77 individual solution. The 

adsorption of C10P at low concentration (<8.0x10”5 M) from the mixed solution 

is less than that from its individual solution, but it increases very quickly with the 

increase of equilibrium concentration and reaches an unusually high amount at 

higher concentration. For this unusually high adsorption, the reason may be 

that the concentration of C10P is very close to its solubility in the buffer solution, 

which is 4.5x10-4mol/L, and there is a repulsive interaction between C10P and 

L77 molecules in the bulk solution phase (to be discussed later in this thesis) 

that results in a decrease in the solubility of C10P. Consequently, more 

molecules of C10P move to the interface. The available maximum adsorption of 

C10P from the mixed solution is about 2.75x1 O'9 mol/cm2 for the mixture with

aL77.im =0.064, 2.00x10 9 mol/cm2 fo r the mixture with a 1.77.1n. =0.158, which

correspond to areas of 6 . 0  A2 and 8.3 A2 per molecule of C1 0 P at the 

polyethylene/aqueous solution interface. Based upon the area per molecule of 

C10P at the air/aqueous solution interface of 37.3 A2(Tabie A-1 ), a multilayer of 

C10P rather than a monolayer is formed at polyethylene/aqueous solution
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interface. The adsorption isotherms o f C10P do not reach a plateau, indicating 

that there is no saturation adsorption reached. The total adsorption of L77 and 

C10P for the mixtures is almost the same as that of C10P from the mixtures. 

This is because the concentration of L77 in the mixtures is very low. Therefore, 

the total adsorption is dominated by the adsorption of C10P. The related 

experimental data are listed in Tables B-85 to B -8 6 .

Figures B-50 and B-51 show the adsorption isotherms of L77, C10P from 

their mixtures with fixed initial a L77.im= 0.271 and 0.401and their total adsorption.

It can be seen that the adsorption o f L77 from the mixed solutions over the 

whole concentration range is lower than that from its individual solutions. The 

saturation adsorptions of L77 are only 1.0x10_1° mol/cm2 and 1.2xlO~10 mol/cm2 

for the two mixtures, respectively. The adsorption of C10P from the mixed 

solutions at low concentration (<1.0x1 O' 4  M) is almost the same as from its 

individual solution, but it increases quickly with an increase in its equilibrium 

concentration. From the figures, the maximum adsorption of C10P for these two 

mixtures is about 1.55x10-9  mol/cm2 for the mixture with aL77.ini =0.271,

8.50x10-10 mol/cm2 for the mixture with a 1.77.ini =0.401, which decreases with an

increase of aur™ . This is because the equilibrium concentration of C10P

decreases with an increase in a 1.77.iiM. The total adsorption of the mixtures is 

lower than that of C10P from its individual solution. This is because the
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adsorption of L77 from the mixtures is too low to make the total adsorption 

higher. The related experimental data are listed in Tables B-87 to B -8 8 .

Figures B-52 and B-53 show the adsorption isotherms of L77, C10P from

their mixtures with fixed initial otL77.inis 0.554, 0.690 and their total adsorption. It

can be seen that the adsorption of L77 from the mixed solutions over the whole 

concentration range is smaller than from its individual solution. But the 

saturation adsorptions increase remarkably to 2 .0 x l0 " 1° mol/cm2 and 2 .2 x 1 0 '10 

mol/cm2 for the two mixtures, respectively. They are close to the saturation 

adsorption of L77 from its individual solution, and keep increasing with its 

equilibrium concentration. This is because the concentration of L77 in these two 

mixed solutions is high enough to make its adsorption at the solid/aqueous 

solution interface compatible with the adsorption of C10P at the same interface. 

The adsorption of C10P from the mixed solution at low concentration (<2.0x10~5 

M) is higher, but becomes lower at higher concentrations. This is due to the 

more competitive adsorption of L77 at higher concentrations. The total 

adsorption of L77 and C10P over the whole concentration range is between the 

adsorption of L77 and C10P from their individual solutions. The related 

experimental data are listed in Tables B-89 to B-90.

Figure B-54 shows the adsorption isotherms of L77 and C10P from their 

mixed solutions with cti.77.ini.s 0 . 8 5 5  and the total adsorption onto powdered
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polyethylene. The adsorption of L77 from the mixed solution is still slightly lower 

than from its individual solution, but very close to the saturation adsorption from 

its individual solution at high concentration. This is because this mixed solution 

contains mainly L77 and there is no synergism found in this system. Its 

adsorption behavior, therefore, is very similar to that of the L77 solution itself. 

The concentration of L77 in this mixed solution is high enough to establish an 

adsorption equilibrium at higher concentration. On the other hand, the mole 

fraction of C10P in this mixed solution is too small to make its concentration 

high enough to establish an adsorption plateau. In the figure, the maximum 

adsorption of C10P in this mixture is only about 9 .5 x 1 0 ~ 11 mol/cm2, decreases 

greatly with the initial mole fraction o f L77. Same as before, the total adsorption 

of L77 plus C10P over the whole concentration range is between the 

adsorption of L77 and C10P from their individual solutions. The related 

experimental data are listed in Table B-91.

The adsorption results of the mixtures of L77 and C10P at various fixed 

initial L77 mole fractions are listed in  Table A-14.

4.2.3 Enhancement of Adsorption from L77-CnP Surfactant Mixtures 

at the Aqueous Solution/Solid Interface
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In order to describe the enhancement of L77 surfactant adsorption 

shown in the previous discussions, the maximum adsorption of L77, r ™L77max, 

from the mixed solutions with C4P, CHP, C6 P, C2.6P, C8 P and C10P, is 

plotted as function of equilibrium mole fraction of L77 in Figure A-5. From the 

figure, it appears the adsorption of L77 from the mixed solution onto the 

polyethylene powder surface is enhanced when its mole fraction exceeds 0.15, 

except for C10P. The extent (effectiveness) of enhancement caused by the 

pyrrolidinones decreases in the order: C2.6P > C8 P > C6 P > CHP > C4P. 

There is no enhancement found over the whole mole fraction range for C10P. 

Figure A -5 also indicates that the maximum enhancement of L77 occurs at 

different mole fractions of L77 for the different pyrrolidinones: from that figure, 

for C2.6P, it occurs at aL77 = 0.45; fo r C8 P, at 0.35, for C6 P, at 0.25, for CHP, at

0.35; for C4P, at 0.15. The larger the mole fraction of L77 in the mixture, the 

smaller the mole fraction of pyrrolidinone, and therefore, the higher its 

enhancement efficiency. Consequently, the efficiency of the pyrrolidinones in 

enhancing the adsorption of L77 on the polyethylene powder decreases in the 

order: C2.6P > C8 P >CHP > C6 P > C4P. From these results, it appears that, of 

the pyrrolidinones investigated, C2.6P, in both effectiveness and efficiency, is 

the best additive to enhance the adsorption of L77 on this hydrophobic low 

energy surface. Presumably, a branched alkyl chain is better than a linear alkyl 

chain for the enhancement. Among the prrolidinones with straight alkyl chains, 

the order of both efficiency and effectiveness increases with an increase in alkyl
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chain length. However, again, C10P is fundamentally different from all other 

pyrrolidinones with straight alkyl chains in showing no enhancement of the 

adsorption of L77. The reason for such a large difference caused by the 

additional two carbon atoms in the alkyl chain is currently unknown.

The total surfactant adsorption at the polyethylene/aqueous solution 

interface from mixtures of L77 and pyrrolidniones with different L77 mole 

fractions is shown in Figure A-6. From this figure, it is seen that the total 

surfactant adsorption from the mixture is larger than the total ideal adsorption,

i.e., the sum of the individual adsorptions multiplied by their mole fractions in 

the solution phase: r™"{ideal) = a , + ( 1  ~ a req) - r ^ ’ • If the maximum

enhancement by the pyrrolidinones of the total surfactant adsorption is 

compared with their ideal adsorption value, it can be seen that the 

enhancement of the pyrrolidinones decreases in the order: C2.6P > C8P > C4P 

> CHP > C6P. For C10P, where there is no enhancement of adsorption from 

the mixed solution, the total adsorption always decreases with the increase in 

L77 mole fraction. The maximum enhancement occurs at around aL77 =0.4 for 

C2.6P and C8P, at around aLTT =0.25 for C4P, CHP and C6P.
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Figure A-3. Adsorption Isotherms of L77 and the Individual 

Pyrrolidinones(CnP) onto Powdered Polyethylene

(In Phosphate Buffer Solution, pH»7.00)
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Figure A-4. Plots o f (C ^/T sl) versus C„, for L77 and 

the Individual Pyrrolidinones(CnP) 

onto Powdered Polyethylene

(In Phosphate Buffer Solution, pH=7.00)
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Figure A-5. Maximum Adsorption of L77, Tsu ^ u m  vs. CCL-\eq 

for L77/CnP Mixtures at the Solid/Liquid Interface

(In Phosphate Buffer Solution, pHs7.00)
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Figure A-6 . Total Adsorption, Ts lto u i vs. ai.77.eq for Mixtures 

of L77 and CnP at the Solid/Liquid Interface

(In Phosphate Buffer Solution, pH«7.00)

6.0 35

5 .5 -

A C4P
A CHP
O C6P
♦ C26P
o C8P
• C10P

30

a L77,eq

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



126

Table A-8 . Adsorption Free Energies and Correlation Coefficients, 

fsljmx, and A . , ,  for L77 and Pyrrolidinones(CnP) 

on Powdered Polyethylene

(In Phosphate Buffer Solution, pH*7.00,25 °C)

Compound AG°ad
(kJ/mol)

(<W rSL) *■ c«q
Correlation (R)

rsL, dim 
(mol/cm2) Amin (A2)

L77 -40.9 1.000 2.72x10'10 61.0

C4P -33.2 0.998 2.70x10'10 61.5

CHP -34.0 0.994 3.16x10"10 52.5

C6P -38.4 1.000 3.61 x10'10 46.0

C2.6P -33.9 0.994 3.26x1 O'10 50.9

C8P -38.7 0.998 4.25x1 O’ 10 39.1

C10P -31.8 0.802 a N/A

a
Non-Langmuir-type isotherm.
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Table A-9. Adsorption Results of the Mixtures of L77 and C4P at 

the Powdered Polyethylene/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH *7.00, 25 °C)

0tL77
(Eq.)

f" SL.L77
(mol/cm2)

T sL,C4P
(mol/cm2)

rSLJotal
(mol/cm2)

X l77
(Ads.layer)

0.029 2.18x1 O' 1 0 8.80x1 O' 11 3.06x1 O* 1 0 0.712

0 . 1 1 0 2.51 x10 ‘ 1 0 8 .40x10" 3.35x1 O' 10 0.751

0.209 3.01x10*1° 9 .10x10" 3.92x10 10 0.768

0.313 2.88x1 O' 10 8 .0 0 x 1 0 " 3.68x1 O' 10 0.781

0.473 2.87x10‘1° 3 .90x10" 3.26x1 O* 1 0 0.879

0.611 2.84x1 O* 10 1.40x10" 2.98x1 O* 10 0.953

0.805 2.74x1 O* 10 8 .0 0 x1 0 * 12 2.82x1 O' 10 0.972

1 . 0 0 0 2.72x1 O* 1 0 0 . 0 0 0 2.72x1 O* 10 1 . 0 0 0
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Table A-10. Adsorption Results of the Mixtures of L77 and CHP at 

the Powdered Polyethylene/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH *7.00,25 °C)

Ct|_77
(Eq.)

r$L,L77
(mol/cm2)

T su c h p
(mol/cm2)

f'SL.Total
(mol/cm2)

X l77
(Ads.layer)

0.058 2.08x1 O’ 1 0 1.15x1010 3.23x1 O' 10 0.645

0.115 2.72x1 O' 1 0 9.50x10*11 3.67x1 O* 10 0.741

0.253 3.14x10*10 8 .90x10” 4.13x10‘10 0.780

0.407 3.24x10*10 5.10x10*” 3.75x1 O* 10 0.864

0.581 2.99x10*10 2 .50x10” 3.24x1 O* 10 0.923

0.694 2.85x1 O’ 1 0 1 .0 0 x 1 0 ” 2.95x1 O’ 10 0.966

0.838 2.78x10*10 5.00x1 O' 12 2.83x1 O* 10 0.982

1 . 0 0 0 2.72x1 O' 1 0 0 .0 0 0 2.72x1 O* 10 1 . 0 0 0
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TableA-11. Adsorption Results of the Mixtures of L77 and C6 P at 

the Powdered Polyethylene/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH *7.00,25 °C)

o iltt

(Eq.)
r s u t n

(mol/cm)
Tsccep

(mol/cm2)
TSUTotal

(mol/cm2)
X t77

(Ads.layer)

0.028 2.10x1 O' 1 0 1.65x10** 3.75x1 O' 10 0.561

0.152 2.82x1 O' 1 0 1.13x10*” 3.95x1 O ’ 0 0.713

0.243 3.37x10 ' 1 0 8.80x10” 4.25x1 O* 1 0 0.793

0.417 3.18x10*10 5.40x10” 3.72x1 O* 1 0 0.854

0.574 2.96x10*10 2.70x10” 3.23x1 O* 1 0 0.916

0.735 2.85x1 O' 1 0 9.00x10* 12 2.94x1 O* 1 0 0.970

0 . 8 6 8 2.80x1 O* 1 0 5.00x10* 12 2.85x1 O’ 1 0 0.982

1 . 0 0 0 2.72x1 O* 1 0 0 .0 0 0 2.72x1 O* 1 0 1 . 0 0 0
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TableA>12. Adsorption Results of the Mixtures of L77 and C2,6P at 

the Powdered Poly ethylene/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH *7.00, 25 °C)

<Xl77
(Eq.)

rs u .7 7
(mol/cm2)

T  SL.C2.6P
(mol/cm2)

rSUTottl
(mol/cm2)

Xl77
(Ads.layer)

0.025 1.96x1 O' 10 1.41x10*10 3.37x1 O* 1 0 0.582

0.097 2.38x10‘10 1 .2 0 x 1 0 ‘1° 3.58x10*10 0.665

0 . 2 2 0 2.87x10*10 1.07x10‘1° 3.94x1 O* 1 0 0.729

0.381 3.69x10‘10 1.03x10*1° 4.72x1 O* 1 0 0.782

0.503 3.65x10*10 6 .2 0 x 1 0 * 11 4.27x1 O* 10 0.856

0.650 3.42x1 O* 10 3.30x10*11 3.75x10 ' 10 0.912

0.823 3.07x10*10 1 .1 0 x 1 0 * 11 3.18x1 O' 1 0 0.966

1 . 0 0 0 2.72x1 O' 10 0 . 0 0 0 2.72x1 O* 10 1 . 0 0 0
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TablcA-13. Adsorption Results of the Mixtures of L77 and C8 P at 

the Powdered Polyethylene/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH *7.00, 25 °C)

a L77
(Eq.)

F sL,L77
(mol/cm2)

r$L,C8P
(mol/cm2)

rsL.Total
(mol/cm2)

X l77
(Ads.layer)

0.085 2.28x1 O' 10 2 .1 1 x1 0 ' 10 4.39x1 O' 10 0.520

0 . 2 2 2 2.98x1 O' 10 1 .6 8 x 1 0 * 10 4.66x10 * 10 0.640

0.375 3.54x10 ‘ 10 1.34x10* 10 4.88x1 O’ 10 0.725

0.535 3.32x10'10 9.10x10” 4.23x1 O* 1 0 0.785

0.660 3.09x10"10 5 .60x10” 3.65x1 O' 10 0.847

0.791 2.96x1 O' 10 3.10x10” 3.27x10‘10 0.905

0.906 2.79x1 O* 10 2 .0 0 x1 0 ” 2.99x1 O' 1 0 0.933

1 . 0 0 0 2.72x1 O* 10 0 . 0 0 0 2.72x1 O' 10 1 . 0 0 0
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TableA-14. Adsorption Results of the Mixtures of L77 and C10P at 

the Powdered Polyethylene/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH *7.00, 25 °C)

tt|_77
(Eq)

rSL.L77
(mol/cm2)

T s u c io p
(mol/cm2)

rSUTotol
(mol/cm2)

Xl77
(Ads.layer)

0.077 6 .2 0 x 1 0 * 11 2.60x1 O’ 9 2.66x1 O' 9 0.023

0.185 8.40x10*11 1.98x1 O' 9 2.06x1 O' 9 0.041

0.307 1 .0 1 x 1 0 * 10 1.50x10*9 1.60x10'9 0.063

0.434 1 .2 2 x 1 0 * 1 0 8.38x1 O' 1 0 9.60x10*10 0.127

0.572 2.04x1 O' 1 0 3.61x10‘1° 5.65x1 O* 10 0.361

0.707 2.48x1 O' 1 0 2.07x10*11 4.55x1 O* 10 0.546

0.865 2.55x1 O* 1 0 9 .3 0x 10” 3.48x1 O* 10 0.733

1 . 0 0 0 2.72x1 O* 1 0 0 . 0 0 0 2.72x10*10 1 . 0 0 0
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4.3 Adsorption at the Air/Solid Interface (r$a)

As discussed above, although adsorption of surfactant at the air/liquid 

and solid/liquid interfaces is very important in the process of spreading, the 

adsorption of surfactant at the solid/air interface may also play an important role 

in the spreading, since adsorption at the solid/air interface in such manner as to 

decrease interfacial tension at the air/solid interface will decrease the value of 

the spreading coefficient and consequently will be unfavorable to the tendency 

to spread. It has not been studied much, due to the difficulty in determining the 

adsorption at the solid/air interface. To date, only one publication dealing with 

the adsorption of surfactant at the solid/air interface has been found. Tiberg, F. 

and Cazabat, A. M.[M1 reported that spreading of nonionic siloxane poly­

ethylene oxide) surfactants at the solid-air interface occurs through an 

autophobic thin precursor film  growing at the foot of the nonwetting main drop. 

In the current study, the adsorption of L77, N-alkyl-pyrrolidinones(CnP) and 

their mixtures onto the polyethylene/air interface, obtained through use of

Equation(37): = r SL -  — x , and the assumption of the
RT dinC

applicability of adsorption on the powdered polyethylene to adsorption on a 

planar film of the same polyethylene, is described.
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Contact angles of L77, the pyrrolidinones, and their mixed solutions on 

the planar polyethylene surface were measured. The adhesion tension,

YlacosG was plotted versus logC to get the slope of the plot. The plots for L77, 

CnPs and their mixtures are shown in Figures B-7 to B-12. The related 

experimental data are listed in Tables B-1 to B-49. The values of Tsa. 

calculated by use of equation (37), together with the slope of YlacosG vs . logC

plots and the valuesof rsiXexpt.) and TsUSA-O) for these the mixtures of L77 

and CnPs, are listed in Tables A-15 to A-20.

(i) L77-C4P M ixtures: Figure B-7 shows plots of YlaCOsG vs . logC of

L77, C4P and their mixed solutions with different mole fractions of L77. The 

results of adsorption at the air/polyethylene interface are listed in Table A-15. 

The results show that the adsorption of L77 and the mixtures at the 

air/polyethylene interface is smaller by one order of magnitude than that at the 

air/aqueous solution and solid/aqueous solution interfaces. For individual C4P, 

its adsorption at the air/solid interface is smaller by two orders of magnitude. 

This result is consistent with the concept that, on solids with low surface

energies such as Parafilm, paraffin, Teflon and polyethylene, dYsA/dlnC=0 for 

surfactants with hydrocarbon chains (hydrophobic groups that can not lower 

the surface free energy o f the solid ), and from Equation(37), since T s a s 0,
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r SL -  1 cKyla c° sQ) gut dysA/dlnC^O for surfactants with dimethylsiloxane 
nRT dlnC

or perfluoralkyl hydrophobic groups that can lower the surface free energy of 

polyethylene. Therefore, only the values of ( rSL - F sa) can be calculated from

1 9?sQ) for those systems.
nRT dlnC

r SL(SA=0), adsorptions of L77, C4P and their mixtures with various aL77 

at the polyethylene substrate/aqueous solution interface, calculated using

rSL = 1 ^ yiA ° ° s — , based upon the assumption that Tsâ O, are also listed 
nRT dlnC

in Table A-15. In the table, only for C4P ( a L7 7 = 0 .0 0 0 )  solution are T s l ( S A = 0 )  

values and the experimental results, rs jexp t.], obtained from the adsorption 

isotherms, very close to each other. The derivation is only 1.5% for C4P, which 

is less than the experimental error (see Appendix I for analysis of experimental 

errors). Therefore, the assumption that Tsas0 is valid for C4P On the other 

hand, there is a significant difference between rs je xp t.] and r sl[ S A = 0 ]  for L77 

and the L77-C4P mixtures, indicating that the assumption of Tsa=0 is not valid 

for L77 and L77-C4P mixtures at the air/polyethylene interface.

(ii) L77-CHP M ixtures: Figure B-8 shows plots of YlaCOsO vs. logC of

L77, CHP and their mixed solutions with different mole fractions of L77. The
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results of adsorption at the air/polyethylene interface are listed in Table A-16. 

The adsorption of L77 and the mixtures at the air/solid interface is smaller by 

one order of magnitude than that at the air/aqueous solution and solid/aqueous 

solution interfaces. For CHP, its adsorption at the air/solid interface is 0. These 

results are consistent with the considerations discussed before.

Results o f Tsl[SA=0] for L77, CHP and their mixtures with various 0 4 .7 7  at 

the polyethylene substrate/aqueous solution interface are also listed in Table 

A-16. In the table, only for CHP (04.77=0 .000) solution are rsl[SA=0] results and 

the experimental results, Tsiiexpt.], obtained from the adsorption isotherms, 

exactly the same. Therefore, the assumption that Tsas0 is also valid for CHP. 

On the other hand, there is a significant difference between rs ile x p tj and 

rsi[SA=0] for L77 and the mixtures of L77 and CHP.

(iii) L77-C6P Mixtures: Figure B -9 shows plots of YlaCOs B vs . logC of 

L77, C6P and their mixed solutions with different mole fractions of L77. The 

results of adsorption at the air/polyethylene interface are listed in Table A-17. 

The results show that the adsorption of L77 and the mixtures at the air/solid 

interface is smaller by one order of magnitude than that at the air/aqueous 

solution and solid/aqueous solution interfaces. For C6P, its adsorption at the
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air/solid interface is smaller by two orders of magnitude. These results are 

consistent with the considerations discussed previously.

Results of r SLlSA=0] for L77, C6P and their mixtures with various aL77 at 

the polyethylene substrate/aqueous solution interface are also listed in Table 

A-17. In the table, only for C6P (o l77=0 .000) solution are rst.[SA=0] results and 

the experimental results, Tsiiexpt], obtained from the adsorption isotherms, 

almost the same. Therefore, the assumption that Tsas0 is also valid for C6P. 

On the other hand, there is a significant difference between r Si_[expt.] and 

r sl[SA=0] for L77 and the mixtures of L77 and C6P.

(iv) L77-C2.6P Mixtures: Figure B-10 shows plots of YlaCOsO vs.

logC of L77, C2.6P and their mixed solutions with different mole fractions of 

L77. The results of adsorption at the air/polyethylene interface are listed in 

Table A-18. From the results, it can be found that the adsorption of L77 and the 

mixtures at the air/solid interface is smaller by one order of magnitude than that 

at the air/aqueous solution and solid/aqueous solution interfaces. For C2.6P 

and the mixture with otL77s0.025, their adsorptions at the air/solid interface are 

smaller by two orders of magnitude. These results are consistent with the 

considerations as discussed previously.
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Results oof r sJSA=0] for L77, C2.6P and their mixtures with various aL77 

at the polyethylene substrate/aqueous solution interface are also listed in Table 

A-18. In the tao le , it can be found that for C2.6P (aL77=0.000) and the mixture 

with a L7 7 = 0 .0 2 5 . .  the values o f r sl[ S A = 0 ]  and experimental results, rs je xp t.], 

obtained from '.the adsorption isotherms, are almost the same. Therefore, the 

assumption th e : rsA=0 is also valid for C2.6P and the mixture containing mainly 

C2.6P. On the other hand, there is a significant difference between rs je xp t.] 

and r SL[SA=01 for L77 and other mixtures.

(v) L77-^S8P Mixtures: Figure B -11 shows plots of YlaCOsO v s . logC of 

L77, C8P and -their mixed solutions with different mole fractions of L77. The 

results of adscrrption at the air/polyethylene interface are listed in Table A-19. 

From the resuitss, it can be found that the adsorption o f L77 and the mixtures at 

the air/polyethwtene interface is smaller by one order of magnitude than that at 

the air/aqueouss solution and solid/aqueous solution interfaces. For C8P, its 

adsorption at 3he air/solid interface is smaller by two orders of magnitude. 

These results a re  also consistent with the considerations discussed previously.

Results oof r s l [ S A = 0 ]  fo r L77, C8P and their mixtures with various 04 .77 at 

the polyethyleme substrate/aqueous solution interface are also listed in Table 

A-19. In the table, it can be found that the values of TsiiSA-O] and
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experimental results, rs je xp t.], obtained from the adsorption isotherms, are 

almost the same only for C8P solution ( a L77= 0 .0 0 0 ) .  Therefore, the assumption 

that rsA=0 is only valid for C8P. On the other hand, there is a significant 

difference between rs je xp t.] and r s l [ S A = 0 ]  for L77 and the mixtures.

(vi) L77-C10P M ixtures: Figure B-12 shows plots of Yl* cos0 v s . logC

of L77, C10P and their mixed solutions with various mole fractions of L77. The 

results of adsorption at the air/polyethylene interface are listed in Table A-20. 

From the results, the adsorptions of C10P and the mixtures at the air/solid 

interface, except for the mixture with a L7 7 = 0 .8 6 7 ,  are too large to be believable. 

The reason may be that, because the adsorption of C1 OP at the solid/aqueous 

solution interface is not Langmuir type, the calculation of Tsa by equation(37) is 

not correct.

Summary: The adsorption of L77 and its mixtures with N-alkyl- 

pyrrolidinones at the air/polyethylene interface is smaller than that at the 

air/aqueous solution and polyethytene/aqueous solution interfaces by one order 

of magnitude, but it is not zero. This is to be expected in the case of L77 and its 

mixtures with the pyrrolidinones, since dimethyl siloxane hydrophobic groups 

can lower the free energy o f the polyethylene surface.
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For C10P, the adsorption at the air/solid interface are too large to be 

believable. The reason may be that, because the adsorption of C10P at the 

polyethylene/aqueous solution interface is not Langmuir type, the calculation of 

Tsa by the Gibbs equation, which is based upon monolayer adsorption at the 

interface, is not correct.
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Table A-15. Adsorption Results of the Mixtures of L77 and C4P 

at the Air/Polyethylene Interface^ s a .t o u i)

(In Phosphate Buffer Solution, pH *7.00, 25 °C)

tt|.77
(Ini.)

d(YLACOse)
d(logC)

rs L (« x p t )
(mol/cm2)

r SL<sA«o)
(mol/cm2)

T sa. total
(mol/cm2)

1 . 0 0 0 14.8 2.72x10*10 2.59x1 O' 10 1.30x1 O' 11

0.805 15.2 2.82x10 10 2.66x1 O* 10 1.60x1 O’ 11

0.611 15.8 2.98x10‘10 2.77x1 O* 10 2 .1 0 x 1 0 ' 11

0.475 16.3 3.26x1 O' 1 0 2.85x1 O’ 10 4.10x10 * 11

0.313 17.8 3.68x1 O' 10 3.12x10 ‘ 10 5.60x10*11

0.209 19.1 3.92x10*10 3.34x10* 10 5.80x1 O' 11

0 . 1 1 0 17.2 3.35x10 * 10 3.01 x 1 0 1 0 3.40x10"

0.029 15.6 3.06x1 O* 10 2.73x1 O' 10 3.30x10*11

0 . 0 0 0 15.2 2.70x1 O* 10 2 .6 6 x 1 0 ‘ 10 0.40x1 O' 11
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Table A-16. Adsorption Results of the Mixtures of L77 and CHP

at the Air/Polyethylene In terface^sa.toui)

(In Phosphate Buffer Solution, pH *7.00, 25 °C)

11 d(YnC O S 0)
d(logC)

TsLtexpt)
(mol/cm2)

r SL(SA*0)
(mol/cm2)

F  SA.toUl
(mol/cm2)

1 . 0 0 0 14.8 2.72x1 O' 1 0 2.59x1 O' 1 0 1.30x10*”

0.838 15.5 2.83x10*10 2.71 x10 ‘ 1 0 1 .2 0 x 1 0 *”

0.694 16.0 2.95x10 ’ 1 0 2.80x1 O' 1 0 1.50x10”

0.581 16.8 3.24x10*10 2.94x10* 1 0 3.00x10*”

0.407 18.7 3.75x10 ' 10 3.27x1 O' 1 0 4.80x10"

0.253 20.3 4.03x10*10 3.55x1 O* 1 0 4.80x10”

0.115 18.4 3.67x10*10 3.22x10 ' 1 0 4.50x10”

0.058 17.7 3.23x1 O* 1 0 3.10x10* 1 0 1.30x10”

0 . 0 0 0 17.4 3.05x1 O' 1 0 3.05x1 O* 1 0 0 . 0 0 0
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Table A -17. Adsorption Results of the Mixtures of L77 and C6 P

at the Air/Polyethylene Interface^s a .t o u i)

(In Phosphate Buffer Solution, pH *7.00, 25 °C)

<Xl77
(Ini.)

d(YLACOS0)
d(logC)

r SL(«*pt)
(mol/cm2)

T slISA-O)
(mol/cm2)

r SA.toui
(mol/cm2)

1 . 0 0 0 14.8 2.72x1 O' 10 2.59x1 O' 10 1.30x10'"

0 . 8 6 8 15.3 2.85x1 O' 10 2.68x1 O' 1 0 1.70x1 O' 11

0.735 15.7 2.94x10* 10 2.75x10* 1 0 1.90x1 O' 11

0.574 17.2 3.23x10*10 3.01x10‘1° 2.20x1 O' 1 1

0.417 19.3 3.71 x10* 10 3.38x1 O* 1 0 3.30x10"

0.243 2 1 . 2 4.25x10*10 3.71 x10* 1 0 5.40x10'"

0.152 21.4 3.95x1 O* 10 3.75x10* 1 0 2 .0 0 x 1 0 "

0.028 20.5 3.75x1 O* 10 3.59x1 O’ 1 0 1.60x10"

0.000 20.9 3.71 x10* 1 0 3.66x1 O* 1 0 0.50x10"
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Table A-18. Adsorption Results of the Mixtures of L77 and C2,6P

at the Air/Polyethylene In terface^sa.to u i)

(In Phosphate Buffer Solution, pH *7.00, 25 °C)

0tL77
(Ini.)

d(Y L*cose)
d (lo g C )

r$L(expt)
(m o l/c m 2)

r SL(SA-o)
(m o l/c m 2)

T sa. total
(m o l/cm 2)

1 . 0 0 0 14.8 2.72x1 O’ 10 2.59x1 O’ 10 1.30x10*"

0.825 16.6 3.18x10'10 2.91x1 O’ 10 2.70x1 O’ 11

0.651 18.5 3.75x10* 1 0 3.24x1 O' 1 0 5.10x10*"

0.501 20.9 4.27x10 10 3.66x1 O' 10 6 .1 0 x 1 0 "

0.381 2 2 . 8 4.72x1 O' 10 3.99x1 O' 10 7.30x10"

0 . 2 2 0 21.5 3.94x10* 1 0 3.76x10‘10 1.80x10"

0.096 19.7 3.58x1 O* 1 0 3.45x1 O* 1 0 1.30x10"

0.025 18.8 3.37x1 O* 10 3.29x1 O' 10 0.80x10"

0 . 0 0 0 18.4 3.26x1 O* 10 3.22x1 O' 10 0.40x10"
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Table A-19. Adsorption Results of the Mixtures of L77 and C8P

at the Air/Polyethylene Interface^sa.to u i)

(In Phosphate Buffer Solution, pH *7.00,25 °C)

<XL77
(Ini.)

d (Y L *C O S 0 )

d(logC)
T  sl (expt) 
(mol/cm2)

r 8L ( S A * o )

(mol/cm2)
f'sA .to ta l

(mol/cm2)

1 . 0 0 0 14.8 2.72x10‘10 2.59x1 O* 10 1.30x10"

0.906 15.7 2.99x1 O' 10 2.75x1 O* 10 2 .40x10"

0.791 16.9 3.27x1 O' 10 2.96x1 O' 10 3 .10x10"

0.660 18.8 3.65x1 O* 1 0 3.29x10 10 3 .60x10"

0.535 21.9 4.23x1 O* 10 3.83x1 O’ 1 0 4 .0 0 x 10 "

0.375 23.6 4.88x1 O* 1 0 4.13x10*10 7 .50x10"

0 . 2 2 2 23.8 4.66x1 O* 1 0 4.17x1 O* 10 4 .9 0x 10"

0.085 23.6 4.39x1 O' 1 0 4.13x1 O* 10 2 .6 0x10"

I 0 . 0 0 0 24.2 4.32x1 O* 10 4.24x1 O' 10 0 .8 0x 10"
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Table A-20. Adsorption Results of the Mixtures of L77 and C10P 

at the Air/Polyethylene Interface^ s a .t o u i)

(In Phosphate Buffer Solution, pH *7.00, 25 °C)

a L7?
(Ini.)

d(YLACOS0)
d(logC)

rs t(exp t)
(mol/cm2)

r su(SA»o)
(mol/cm2)

r SA, total
(mol/cm2)

1 . 0 0 0 14.8 2.72x10*10 2.59x10 ' 10 1.30x1 O' 11

0.867 16.7 3.48x10*10 2.92x10 10 5.60x10”

0.707 18.2 4.55x1 O' 10 3.19x10*10 1.36x1 O' 10

0.575 19.3 5.65x10*10 3.38x1 O' 1 0 2.27x10*10

0.435 21.4 9.60x1 O* 1 0 3.75x10 ‘ 1 0 5.85x1 O* 10

0.307 23.5 16.0x10‘1° 4.11x1 O* 1 0 1.19x10*9

0.186 24.1 20.6x1 O* 10 4.22x10 * 1 0 1.64x10‘9

0.077 24.4 26.6x10*10 4.27x10 10 2.23x1 O' 9

0 . 0 0 0 25.6 30.5x1 O* 1 0 4.48x1 O* 10 2.60x10*9
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CHAPTER 4

RESULTS AND DISCUSSION 
(Continued)

Part II

Superspreading and Interactions

4.4 Superspreading

4.4.1 Spreading Factor(SF)

In order to measure the spreading ability of a surfactant solution on a solid 

substrate, a parameter, called the spreading factor. (SF), was used. It is defined 

as the ratio of the spreading area of the surfactant solution to that of the solvent 

of the same volume. When such a spreading factor is larger than 25, the 

spreading is usually called “superspreading”.
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4.4.2 Synergism in Superspreading

In measurements of the spreading, a series of solutions (total 

concentration always 1 .Og/L) with different %wt. replacement of trisiloxane L77 

by pyrrolidinones were used. In order to make the results more convenient for 

comparison with other results, such as adsorption at the solid/liquid interface, the 

mass percent of replacement of L77 by pyrrolidinone was converted to the mole 

fraction of L77 in the mixture. Plots of spreading factor (SF) vs. mole fraction of 

L77 (01.77) for aqueous mixtures of L77 and pyrrolidinones on the polyethylene 

substrate are shown in Figure A-7. The points at ai.77 = 0.000 and ai_77 = 1.000 

correspond to individual N-alkyl-pyrrolidinone in buffer solution and individual 

L77 in buffer solution, respectively.

The data in Figure A -7  show that all the pyrrolidinones (C4P, CHP, C6P, 

C2.6P, C8P and C10P) in buffer solution have very small spreading factors ( 2 

-3  ), meaning that the spreading abilities of all the pyrrolidinones, by 

themselves, on polyethylene film are very poor. On the other hand, the 

trisiloxane, L77, in buffer solution has a very large spreading factor, around 150, 

indicating its superspreading ability on the polyethylene film. There is a small 

difference among the measured spreading factors for L77 because they were 

measured on different days with different humidity and temperature.
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Most significant in Figure A -7 is the finding of a synergistic effect in the 

spreading of the mixtures o f trisiloxane L77 and certain pyrrolidinones. From the 

plots of spreading factor (SF) vs. aL77. one can see that the mixtures of L77 with 

C4P, CHP, C6P, C2.6P or C8P show a nonideal spreading on the polyethylene 

substrate. When the mole fraction o f L77 is larger than about 0.25, the spreading 

factors of the mixed solutions are larger than that of the L77 solution itself.

The effectiveness o f superspreading enhancement by the pyrrolidinone 

(the maximum SF value of the mixture) is different for the different 

pyrrolidinones. SFmax = 164 for the mixture with C4P; 180 with CHP; 210 with 

C6P; 213 with C8P; 234 with C2.6P. Therefore, the effectiveness of the 

pyrrolidinones in enhancing the spreading of trisiloxane L77 on the polyethylene 

substrate decreases in the order. C2.6P > C8P, C6P > CHP > C4P. It is 

noteworthy that the mixtures of L77 with C10P show no synergistic effect at all; 

the plot of spreading factor vs. 04 .77 for the mixtures of L77 with C10P is almost 

linear over the whole range of mole fractions of L77. It appears that spreading of 

the mixture of L77 and C10P on the polyethylene film is ideal.

In order to explain these results, the effect on the spreading coefficient. 

SL/s = Ysa ~ ( ysl + Yla ) (equation (1)) of the replacement of some of the L77 in 

the spreading solution by N-alkyl pyrrolidinone was determined.
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4.4.3 Change in the Spreading Coefficient (ASus)

The change in the spreading coefficient of L77 upon the replacement of 

some of it by N-alkyl pyrrolidinone is given by the relationship(Equations 63-66, 

Chapter 2):

ASl/S = - S us = — AYla +A71SL — A x^ 

where, Ay^ = y^* -y^T

* _  _  _Mix _L77
A^SL ~  SL *SL

A  _  _  _Mut _L77
A^SA ~  ^SA SA

4.4.3.1 Results of Aym

According to equation(64) and the previous discussion, the value of 

(y ff -  ) can be obtained directly from the plots of yJJ vs. logC and yj^7 vs.

logC. The plots for systems of L77-C4P, L77-CHP, L77-C6P, L77-C2.6P, 

L77-C8P and L77-C10P are shown in Figures B-1 to B-6. From the figures, it 

can seen that the surface tension of mixture solutions for all systems is higher 

that of L77 itself at the same concentration. The surface tension always 

increases with the decrease in the mole fraction of L77 when concentration (or 

log C) is the same.
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An example of the determination of Ay^ is shown in Figure A-8, the plot 

of Yla vs. logC for L77 itself and the mixed surfactant solution containing C8P at 

a mole fraction o f <xl77=0.375. Since the concentrations (1.0g/L) used in the 

measurement of their superspreading is above their C.M.C.s, both y^7 and 

yJJ are constant, which are 20.5 mN/m and 22.3 mN/m, respectively, and 

consequently, the value o f (yJJ1 - y ^ 7) is a constant, equal to 1.8 mN/m. All 

results of Ayi> for these systems are listed in Tables A-21 to A-26. All Ayla

values are positive, which means that the surface tension of the mixed solution 

above the C.M.C. of L77 is always greater than that of the L77 solution over all 

the concentrations used in the measurements. There is no synergistic effect at 

the air/aqueous solution interface over whole concentration range.

4.4.3.2 Results of ATCsl

Unlike Ayi> that can be obtained directly from the experimental data, the 

reduction of interfacial tension at the solid/aqueous solution interface can only 

be obtained indirectly from their adsorption isotherms. The method for

calculating A7tsi.is as discussed in Chapter 2.

The plots of TsL.Totai vs. InC for systems of L77-C4P, L77-CHP, 

L77-C6P, L77-C2.6P, L77-C8P and L77-C10P are shown in Figures B-55 to
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B-60. In order to calculate 71s l  by use o f Equation (69), irSL = R T jrSL dlnC ,
0

these curves are fitted by use of the software o f Origin®6.0. The fitted 

polynomial functions are listed in Appendix II. The area enclosed by the curves 

and the X axis is then calculated through the fitted function of the curves. It 

should be noted that although adsorption of surfactants at the solid/liquid 

interface cannot be zero if the equilibrium concentration of surfactants at bulk 

solution phase is not zero, the resultant error in the calculated areas is 

insignificant

Plots of tisl7 . * slP an<1 * sl vs- lnC for all of the above systems are 

shown in Figures B-61 to B-66. Values of A 7C sl are obtained from these

figures in the following manner(the mixture of L77 and C8P with cxl77s0 . 3 7 5  is

used as an example): In Figure A-9, at the C.M.C. of L77 (In(CMC). = -8.94),

7 t^ and its”  equal 32.6 mN/m and 22.5 mN/m, respectively. Thus, the

reduction in interfacial tension ( tî  ) for this mixture at the C.M.C. of L77

equals 10.1 mN/m. This means that the addition of C8P to the aqueous

solution of L77 at a mole fraction of a i77s 0 . 3 7 5  results in an additional decrease

in amount of 10.1 mN/m in the interfacial tension at the solid/liquid interface. It 

is of benefit to the spreading of the aqueous solution on the polyethylene 

surface because it will make the spreading coefficient (Sus) of the solution more

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



153

positive. Values of atcsl for L77 and its mixtures with C4P, CHP, C6P, C2,6P 

C8P and C10P at different mole fractions of L77 are listed in Tables A-21 to 

A-26. Except for initial 04.77 values of 0.115 or less, the Axsl values for the L77 

mixtures with C4P, CHP, C6P, C2 6P and C8P are all positive, indicating 

reduction of the solid/liquid interfacial tension. By contrast, all the L77 mixtures 

with C10P (Table A-26) show negative values o f Axsl, indicating increase in the 

solid/liquid interfacial tension.

4.4.3.3 Results of ATCsa

As discussed in Chapter 2, kSa can be calculated via equation(72),

c
* sa -  RT fn *  d lnC , where Tsa is the adsorption at the air/solid interface, C is

0

the equilibrium concentration of the surfactant in the solution phase below the 

C.M.C.. As discussed in the previous part of this chapter, Tsa for L77, 

pyrrolidinones and all their mixtures is smaller by one or two orders of 

magnitude than that at the air/aqueous solution interface ( Tla ) or at the 

solid/aqueous solution interface (TsO at all surfactant concentrations. Since, 

from the above equation, xsa >s  directly proportional to Tsa. it can be concluded 

that tcsa will be smaller by one order of magnitude than *la  and xsl. and, 

consequently, that Aksa must be smaller by one order of magnitude than Ano
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and Attsl- Therefore, compared with Attla and Atisl, the effect of Axsa on the 

change in the spreading coefficient (Sj% - S ^ )  is negligible.

Consequently, from Equation (63), we have:

Sus — ̂ L/s *  AJlgL — AyLA (83)

The results of (S“ xs - S ^ ) fo r  L77 and the mixtures with C4P, CHP, C6P, 

C2.6P, C8P and C10P at different mole ratios of L77 are also listed in Tables 

A-21 to A-26. From the data in those tables, the increase in the value of the 

interfacial pressure at polyethylene/aqueous solution interface (Atisl) upon the 

addition of the N>alkylpyrrolidinone is the dominant factor in increasing the 

value o f the spreading coefficient.

4.4.3.4 Relationship between Spreading Coefficients us) 
and Spreading Factor(SF)

From Tables A-21 to A-26, it is seen that the spreading coefficients of 

the mixed solutions are greater than that of the solution of L77 by itself for the 

mixtures with C4P, CHP, C6P, C2.6P and C8P when the mole fraction of L77 is 

larger than a certain value, e.g., 0.313 for L77-C4P, 0.253 for L77-CHP, 0.152 

for L77-C6P, 0.220 for L77-C2.6P, 0.375 for L77-C8P. That means that if the
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pyrrolidinone. except for C10P, is mixed with L77 at a proper mole fraction, it 

can make the spreading coefficient of the mixture more positive than that of the 

L77 by itself. That is, the free energy decrease per unit area of the mixed 

solution upon spreading (Equation 1) becomes larger than that of the solution of 

L77 by itself. Consequently, the solution will spread on the polyethylene 

substrate to a larger area than that obtained with L77 by itself. The larger the 

value of (S ^s - S ^ ) , the more positive the spreading coefficient of the mixed

solution, and the greater should be the spreading area. It has been shown that 

the spreading coefficient is proportional to the spreading rate of pure liquids on 

homogeneous smooth solids11431. If we can assume that this applies also to 

solutions, and since there was a constant amount of spreading time (3 minutes) 

used in this study, the larger the (positive) spreading coefficient, the larger will 

be the spreading area.

From the values of (S{% - S ^ )  in Tables A-21 to A-26, the order of

maximum increase in the spreading coefficient by the pyrrolidinones is: C8P > 

C2.6P > C6P > CHP > C4P. This is almost the same as the order of their 

maximum enhancement of the spreading factor, C2.6P > C8P > C6P > CHP > 

C4P, shown in Figure A-7. In view o f the very different experimental techniques 

involved in the calculation of the values of (S^*s - S ^ )  and the measurement 

of the spreading factors, the data correlate well with each other.
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It is difficult to compare spreading coefficient(Sus) with spreading 

factor(SF) directly because the values of S us itself are not available at present. 

However, the relationship between the change in spreading coefficient 

(S ^s -S ^ )a n d  the change in spreading factor(SFmix-SFL77) can be found

from the above results, and it is shown in Figure A-10. There is a good linear 

relationship between them. The correlation coefficients (R2) for all systems are 

very close to 1. That means the parameter of ASus for a mixed spreading 

solution can be replaced by the parameter of aSF, and the latter one can be 

obtained easily by experiment.

4.5 Interactions between Molecules of L77 and Pyrrolidinoes

In order to investigate the cause of the changes in tensions at the 

various interfaces produced by replacement of L77 by N-alkyl pyrrolidinone, 

interaction parameters (p°) at the various interfaces were determined.

4.5.1 Interaction Parameters at the Air/Liquid Interface (P °la)

Molecular interactions between L77 and pyrrolidinones C4P, C6P, CHP, 

C2.6P, C8P and C10P at the air/aqueous solution interface at pH=7.00 in 

phosphate buffer were evaluated by use of Equations (73) and (74):

X f ln(aC12 / X ^ ,0) ln(aC12 / X ^ f )
(1 -X ,)J ln((1-o)C ,2/(1 -X ,)C ;] ’ PLk (1 -  X , )2
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Determinations of the values of C i°, C20 and C12 are shown in Figure A-8. 

Results of the molecular interaction parameter, ,at the air/liquid interface, 

between L77 and pyrrolidinones are listed in Table A-27.

From the results, it appears that the mixtures all exhibit very weak 

interactions at the air/aqueous solution interface. The L77-C10P mixture shows 

a very weak repulsion between the two surfactant molecules. This is consistent 

with the AYm results listed in Tables A-21 to A-26, which indicate that there is 

no synergism at the air/aqueous solution interface. In addition, the results of 

minimal area per molecule at the air/aqueous solution interface, AcA.mm, listed in 

Tables A -2 to A-7, are also evidence for the very weak interactions between 

L77 and pyrrolidinones. The area per molecule for all mixtures is between L77 

and the individual pyrrolidinone, indicating that there is no significant attractive 

or repulsive interaction between L77 and pyrrolidinones at the air/aqueous 

solution interface. Furthermore, these results can be verified by comparing 

these mixtures with the nonionic mixture of C i2(OE)aOH-Ci2(OE)3OH(1441. In this 

binary mixture, both surfactants are nonionic, and their interaction parameter 

(/?£,) at the air/aqueous solution interface is only -0 .2  at 25 °C.
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4.5.2 Interaction Parameters in the Micelle((3M) in the Aqueous Phase

Molecular interactions between L77 and pyrrolidinones: C4P, C6P, CHP, 

C2.6P, C8P and C10P in micelle formed in phosphate buffer solution at 

pH=7.00 have been evaluated by use of Equations (75) and (76):

x ^ ln  ( g C g /x r c r )  M In (aC?2IX ? C ? )
(1 -X r)alnl(1-a)CS/(1-Xr)Cf] * P (1 -*T )2

Determinations of the values of C iM, C2M and C i2M are shown in Figure A-8. 

The interaction parameters(pM) are only approximate, since the values of the 

CMC for the pyrrolidinones are not available due to their limited solubilities in 

the buffer solution. The calculations are based upon use of their maximum 

solubilities as the CMC values for the individual pyrrolidinones. The results are 

listed in Table A-27.

From the results, it can be seen that L77 and all pyrrolidinones. except 

for C10P, show weak attractive interactions in their mixed micelles with L77. 

However, there is no synergism found in reduction of the surface tension 

because one of the conditions under which synergism exists, that p“  must be 

more negative than pM [145], is not met. This can be verified by the surface 

tension data for these mixtures.
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4.5.3 Interaction Parameters at the Solid/Liquid Interface ((3°sl)

Interaction parameters at the aqueous solution/polyethylene interface 

(P i.) have also been calculated by use of Equations (77) and (78) and through 

the adsorption isotherms of the two individual surfactants and their mixtures. 

The plots of tcsl vs. InC are obtained from adsorption isotherms and shown in 

Figures B-61 to B-66 for systems L77-C4P, L77-CHP, L77-C6P. L77-C2.6P, 

L77-C8P and L77-C10P, respectively. The values of ln(Ci°), ln(C2°) and ln(Ci2) 

are taken from the plots of tcsl vs. LnC at the same value of tcsl as shown in

Figure A-8. To obtain the concentrations, the largest common ttsl value is best,

because it corresponds to higher values of Ci°, C2° and C i2, and consequently, 

smaller relative errors for the concentrations. That is quite similar to the 

procedure used in calculating P°la. However, for use in Equations (77) and (78), 

the value of a i, the equilibrium mole fraction of L77 in the bulk solution phase,

is generally not equal to its initial value, because it changes with adsorption of 

the surfactants onto the solid surface. This is different from the calculation for 

P°la and pM, where adsorption at the air/aqueous solution interface is 

insignificant. But a i can be plotted as a function of InC (C: total equilibrium

concentration) by use of the data listed in Tables B-50 to B-91. The Ci°, C2°,
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C12 and the equilibrium a i values for the relevant lnCi2 value are substituted in 

Equations (77) and (78) to calculate 0^ values. These are listed in Table A-28.

From the table, it can be seen that the results of P°sL(expt) for all 

mixtures, except for L77-C10P, are negative, meaning that there is an 

attractive interaction between L77 and pyrrolidinones C4P, CHP, C6P, C2.6P 

and C8P, while the mixture of L77 and C10P has a small positive interaction 

parameter, indicating weak repulsive interaction. The more negative the 

interaction parameters, the stronger the attraction. The order of negative (3^

values is C2.6P > C6P > C8P > CHP > C4P This is exactly the same order as 

the decrease in the enhancement of the spreading factor observed above 

(shown in Figure A -7). For C10P, there is no enhancement found in the 

spreading factor when it is added to L77 aqueous solution at any mole ratio.

The attractive interactions between L77 and pyrrolidinones C4P, CHP, 

C6P, C2.6P and C8P are also consistent with the remarkable enhancement of 

the adsorption of L77 onto powdered polyethylene( shown in Figure A -5). The

maximum enhancements by the pyrrolidinones are in the order. C2.6P > C8P > 

C6P > CHP > C4P, which is almost the same as the order of interactions listed 

above. Such interactions result in a more packed monolayer at the 

polyethylene/aqueous interface. Perhaps the structural similarity between the 

branched hydrophobic group in the L77 molecule and the branched
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hydrocarbon chain in C2.6P molecule accounts for the finding that their 

interaction is the greatest.

4.5.4 Comparison of Calculated and Measured Mole Fraction of L77 

at the Solid/Liquid Interface

Equation (77) was used above to calculate the values of X i, the mole 

fraction of L77 in the total surfactant at the solid/ liquid interface. Since this 

value can also be obtained from the adsorbed amount of the two surfactants 

from their mixture onto powdered polyethylene as described before, this permits 

evaluation of the validity and accuracy of equation (77), which is based upon 

the assumptions of nonideal solution theory.11311451

Table A-28 lists the calculated values of Xi(calcd), obtained from 

equation (77), and the interaction parameter, p |L (calcd), calculated by

substitution of Xi(calcd) and a t into equation (78), and the values of Xi(expt),

obtained from the adsorption isotherm data, and the values of 0 |L(expt),

obtained by use of Xi(expt) in equation (78). Considering the complexity of the 

calculations, the agreement between the values of Xi (calcd) and those of 

Xi(expt) is considered good validation of the nonideal solution treatment of the 

adsorption data. The values of 0 ^  (calcd.) are also considered to be in good 

agreement with those of 0 |L(expt).
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4.5.5 Synergism in Reduction of Interfacial Tension Effectiveness

at the Solid/Liquid Interface

Similar to the situation at the air/liquid interface, the maximum synergism 

in reduction of interfacial tension effectiveness at the polyethylene/aqueous 

solution interface can also be evaluated by Equations (79) and (80). However, 

the values of K, and K2 should be the slopes of the yst_-lnC plots of the aqueous 

solutions of L77 and pyrrolidinones, respectively. Due to the difficulty in 

availability of the values of ysL, it is not possible at present to numerically solve 

Equation (79) to obtain the value o f Xi*. the equilibrium mole fraction of L77 in 

the adsorbed monolayer at the polyethylene/aqueous solution interface at the 

point o f maximum synergism in this respect.

Although there is difficulty in obtaining X i* mathematically, the 

experimental data for X i* are available from the adsorption isotherms. The 

values of X i* corresponding to the experimental mole fraction (a r E), at which

the maximum interfacial tension reduction (tcsl" " )  is obtained, may be used to 

calculate a ’  E(calcd) by use of Equation (80). The related results are listed in 

Table A-29.

In Table A-29, ttsl*** is the maximum interfacial tension reduction 

effectiveness at the polyethylene/aqueous solution interface and it is obtained
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from the plots of tcsl -  InC (shown in Figures B-61 to B-66) at the point of

LnC.M.C of L77. In Equation (80), C,M is the C.M.C. of L77, which is 1.33x10"* 

M, while C2M was approximated by use of the maximum solubilities of the 

pyrrolidinones, listed in Table 2. It can be seen that the calculated results are 

quite close to the experimental results. This agreement is another good 

validation of the nonideal solution treatment of the adsorption results. For the 

system of L77-C10P, the maximum interfacial tension reduction effectiveness 

was only found at the ratio of a *,E(expt) equal to 1.000. This means their 

mixtures do not show any synergism in spreading.

In addition, the values of (P°sl-Pm), calculated from the previous results

are listed in Table A-29. As mentioned above, one of the conditions under 

which synergism in interfacial tension reduction effectiveness will occur at the 

solid/liquid interface is if p |L is more negative than pM, that is if (P°sl~Pm) is

negative. In the table, the values for the systems of L77-C4P, L77-CHP, 

L77-C6P, L77-C2.6P and L77-C8P are negative, and synergism in interfacial 

tension reduction effectiveness is observed. For the system L77-C10P, this 

value is positive, and no synergism is observed.
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Figure A-7. Spreading Factor(SF) vs. Mole Fraction of L 7 7 ( (X l 77) 

for Aqueous Mixtures of L77 and Pyrrolidinones(CnP) 
on the Polyethylene Substrate

(In Phosphate Buffer Solution, pH*7.00,25°C)
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Figure A-8 . Plots of Yla  vs. logC for L77, C8 P 
and Their M ix tu refd rH ).375)

(Phosphate Buffer Solution, pH*7.00,25 °C)
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Figure A-9. Plots of TCsl vs. InC for L77, C 8 P 
and Their M ixture(a77=0 J 7 5 ) 

at the Polyethylene/Aqueous Solution Interface

(Phosphate Buffer Solution, pH*7.00,25 °C)
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Figure A-10. Linear Relationship between Change in
Spreading Factor(SF) and Spreading Coefficient(SiTs)

for Mixtures o f L77 and Pyrrolidinones(CnP)
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Table A-21. Results of Change in the Interfacial Tension, 
Spreading Coefficient and Spreading Factor 

for Mixtures of L77 and C4P

(In Phosphate Buffer Solution, pH *7.00, 25 °C)

CXL77
( •q )

AYla
(mN/m)

A71sl
(mN/m)

eM l OL77 
9  L/3 9  us

(mN/m)
(SF)m»-(SF)t77

1 . 0 0 0 0 0 0 0

0.805 0.3 1 . 1 0 . 8 5

0.611 0 . 6 2 . 1 1.5 8

0.475 1.4 3.6 2.4 18

0.313 2 . 1 4.0 1.9 15

0.209 2.4 1.9 -0.5 -9

0 . 1 1 0 2.9 -2.3 -5.2 -60

0.029 4.0 -6 . 6 - 1 0 . 6 -130

0 . 0 0 0 18.4 -2 1 . 0 -39.4 -138
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Table A-22. Results o f Change In the Interfacial Tension,
Spreading Coefficient and Spreading Factor

for Mixtures of L77 and CHP

(In Phosphate Buffer Solution, pH *7.00, 25 °C)

CtL77
(•q )

AYla
(mN/m)

A71$l

(mN/m)
cMte el.77O US—» us 

(mN/m)
(SFW -(SF)L77

1.000 0 0 0 0

0.838 0.2 0.9 0.6 8

0.694 0.4 1.7 1.3 15

0.581 1.0 3.0 2.0 22

0.407 1.5 4.8 3.3 34

0.253 2.2 3.0 0.8 15

0.115 3.2 -2.1 -5.6 -65

0.058 4.8 -4.3 -9.1 -115

0 .000 11.8 -12.2 -24.0 -132
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Table A-23. Results of Change In the Interfacial Tension,
Spreading Coefficient and Spreading Factor

for Mixtures of L77 and C6P

(In Phosphate Buffer Solution, pH =7.00,25 °C)

OLtrr
(•q )

A Y la
(mN/m)

ATCsl
(mN/m)

e M is  « L 7 ?  d US-O us
(mN/m)

(SF)nta-(SF)L77

1.000 0 0 0 0

0.868 0.2 0.8 0.6 7

0.735 0.3 1.7 1.4 18

0.574 1.1 4.3 3.2 34

0.417 1.3 5.5 4.2 45

0.243 2.0 8.5 6.5 52

0.152 2.3 5.9 3.6 15

0.028 4.7 -7.9 -12.6 -135

0.000 10.4 -14.1 -24.5 -142
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Table A-24. Results o f Change in the Interfacial Tension,
Spreading Coefficient and Spreading Factor

for Mixtures of L77 and C2,6P

(In Phosphate Buffer Solution, pH *7.00,25 °C)

CXL77
( • q )

AYla
(mN/m)

ATCsl
(mN/m)

CMix ®L77 a  u%—'9  us
(mN/m)

(SF)*„-(SF)L77

1.000 0 0 0 0

0.825 0.2 2.5 2.3 18

0.651 0.3 5.3 5.0 38

0.503 1.0 7.5 6.5 65

0.381 1.6 9.0 7.4 75

0.220 1.8 4.5 2.7 28

0.097 2.6 -0.9 -3.5

CMco•

0.025 5.0 -6.1 -11.1 -145

0.000 12.3 -14.0 -26.3 -155
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Table A-25. Results o f Change in the Interfacial Tension,
Spreading Coefficient and Spreading Factor

for Mixtures of L77 and C8P

(In Phosphate Buffer Solution, pH *7.00, 25 °C)

CXL77
(•q )

AYla
(mN/m)

A7Csl
(mN/m)

CMlx «L77a  us—a  us 
(mN/m)

(S F )*,-(S F ) L77

1.000 0 0 0 0

0.906 0.1 0.4 0.3 5

0.791 0.2 1.1 0.9 15

0.660 0.3 2.5 2.2 26

0.535 0.7 4.9 4.2 41

0.375 1.8 10.1 8.3 62

0.222 2.3 1.3 -1.0 -3

0.085 3.0 -4.0 -7.0 -80

0.000 8.1 -6.5 -14.6 -103
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Table A-26. Results o f Change in the Interfacial Tension,
Spreading Coefficient and Spreading Factor

for Mixtures of L77 and C10P

(In Phosphate Buffer Solution, pH *7.00, 25 °C)

a L77

(•q.)
AYla

(mN/m)
ATCsl

(mN/m)
CMix q L77 
9  US"® US

(mN/m)

. . . .

(SF)mib-(SF)L77

1 .000 0 0 0 0

0.865 0.4 -1.6 -2 .0 -18

0.707 0.9 -2.3 -3.2 -38

0.572 1.4 -4.7 -6.1 -56

0.434 1.8 -5.8 -7.6 -75

0.307 2 .2 -6.5 -8.7 -83

0.185 3.1 -8.3 -11.4 -115

0.077 4.5 -9.5 -14.0 -135

0.000 8.0 -6.5 -14.5 -148
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Table A-27. Interactions between L77 and Pyrrolidinones 
at the A ir/Liquid Interface and in Micelle

(In Phosphate Buffer Solution, pH *7.00, 25 °C)

System F l a PM F l a - F

L77-C4P 0.78 -0.43 0.76 -0.82 0.39

L77-CHP 0.76 -0.57 0.72 -1.24 1.81

L77-C6P 0.76 -0.82 0.69 -1.56 2.38

L77-C2.6P 0.75 -0.67 0.66 -1.83 2.50

L77-C8P 0.67 -0.40 0.65 -1.75 2.15

L77-C10P 0.62 0.14 0.55 0.10 0.04
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Table A-28. Interactions between L77 and Pyrrolidinones 
at the Polyethylene/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH »7.00, 25 °C)

System <*i F sl
(expt)

P°SL
(calcd)

X'SL
(expt)

X 'sl
(calcd)

L77-C4P 0.046 -3.5 -2.7 0.77 0.74

L77-CHP 0.105 -4.2 -3.6 0.71 0.68

L77-C6P 0.145 -5.9 -5.4 0.64 0.62

L77-C2.6P 0.182 -6.8 -6.7 0.55 0.55

L77-C8P 0.269 -5.5 -5.1 0.42 0.49

L77-C10P 0.295 1.2 0.7 0.44 0.51

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



176

Table A-29.. Maximum Synergism in Interfacial Tension Reduction 
for Aqueous L77-Pyrrolidinone Mixtures 

at the Polyethylene/Aqueous Solution Interface

(In Phosphate Buffer Solution, pH *7.00, 25 °C)

System
_  Us**3L

(mN/m)
a ‘ E

(expt)
a*,E

(ealed)
Synergism

L77 22.5 1.00 1.00 N/A N/A

L77-C4P 26.5 0.31 0.34 -2.7 observed

L77-CHP 27.3 0.41 0.39 -3.0 observed

L77-C6P 31.0 0.24 0.27 -4.4 observed

L77-C2.6R 31.5 0.38 0.41 -4.9 observed

L77-C8P 32.6 0.38 0.36 -3.7 observed

L77-C10P 22.5 1.00 N/A 1.1
not

observed
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CHAPTER 5  

MECHANISMS OF SUPERSPREADING 

AND SYNERGISM IN THE SUPERSPREADING

5.1 Mechanism of Supsrspreading

Aqueous solutions o f trisiloxane surfactant, SILWET L77, exhibit superior 

wetting properties on hydrophobic substratess. Although this phenomenon of 

superspreading has been known for decadess and received extensive coverage 

in the scientific literature in recent years, its mechanism is still not well 

understood. In this chapter, a postulated nmechanism is proposed, which is 

based on the unique molecular structure and the leading film114*1 formed around 

the droplet in the process o f spreading.

The molecular structure of SILWET L7~ is shown in the previous chapter 

of this dissertation. A space filling model of ttne SILWET L77 molecule, as well 

as a picture of the vertical view from top of tithe molecule are shown in Figures 

A-11 and A-12. From its unique low surface tsension at the air/aqueous solution
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interface, it is reasonable to assume that the methyl groups attached to the 

silicon are exposed to the air and the long polyether chain is entirely in the 

water.

Figure 12. Vertical View from 
Top of the Model of SILWET L77

Figure 11. A Space Filling Model 
of the SILWET L77

Paradoxically, the structure of L77 with its compact hydrophobic group and 

extended hydrophilic chain seems like an “inversion” of the structure o f a
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regular ionic surfactant, which possesses a compact polar head group and a 

long hydrophobic alkyl chain. In the case o f L77, the silicon backbone provides 

a means to expose a dense layer of -CH 3 groups on the surface, resulting in a 

lower surface tension than available with the -CH?- groups of an alkyl chain, 

because -CH 3 groups have lower surface free energies than -CH 2 groups1791.

When a liquid spreads on a solid surface, a precursor film (leading film) is 

formed surrounding the drop due to the Marangoni Effect1871. A surface tension 

gradient at the edge of the drop is the driving force for spreading. A picture of a 

droplet of aqueous solution of C12E10 on a bare, oxidized silicon wafer is shown 

in Figure 13 [14?1. A SEM picture of a drop of cooled glass on Fernico metal 

(which has the same coefficient of thermal expansion) is shown in Figure 14[1481. 

As the spreading front stretches, concentration of the solution in the precursor 

film decreases because of the adsorption of surfactant at the solid/aqueous 

solution interface. Consequently, the surface tension increases at the front 

relative to the top of the droplet, thereby establishing a surface tension gradient. 

The greater the adsorption at the solid/aqueous solution interface, the higher 

the gradient, the faster the spreading and the larger the ultimate coverage of 

the surface.
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Figure 13. Picture of a Droplet of Aqueous Solution of C12E10 on a Bare, 
Oxidized Silicon Wafiar, showing precursor film around the droplet(1471.

Figure 14. A SEM Picture<x130) of a Drop of Cooled Glass on Femico 
Metal, showing precursor film around the droplet
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A proposed mechanism to explain the superspreading of L77 is elucidated 

in Figure 15.

Hydrophobic
Group

Hydrophilic
Chain

L77

Air

Water

Conventional
nonionic

surfactant

Air

Water-

_ Z “ H _ Drop of Aou.—  
—  —  Solution ------- Air

 Precursor Film/"-1]

Polyethylene Substrate

In Conventional Surfactant Solution In L77 Aqu. 
Solution

Water Water

Air Air

ith'ylene Substrate Polyethylene Substrate

Time to Spread

Figure 15. A Schematic Depiction of 
Transfer of Surfactant Molecules from 
the Air/Aqueous Solution Interface to 
Polyethylene Surface M .

Polyethylene Substrate
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In Figure15, it is shown thafit the progressive advance of L77 aqueous 

solution can be likened to “molecular zippering" of the polyethylene/aqueous 

solution interface. Conventional surfactants tend to lie flat on the surface 

exposing hydrophobic patches which impede spreading.

As discussed in the previous part of this dissertation, the low surface 

tension criterion is not the only one governing the spreading characteristics of 

surfactant solutions. The unique structure of L77 must play an important role in 

determining its superspreading beftavior. The extraordinary ability o f trisiloxane 

surfactant L77 to spread on hydrophobic surfaces may be related to the short, 

compact structure of its hydrophobic group, which facilitates a transfer of 

surfactant molecules from the air/aqueous solution interface to the solid 

surface. In Figure 15, the advancing contact angle of the precursor film is 

shown, on a molecular scale, as being obtuse1251. Because of the short, 

compact nature of the hydrophobic group, L77 molecules are readily transferred 

from the air/ aqueous solution interface to the polyethylene/aqueous solution 

interface, facilitating progressive advance of the precursor film. The surface 

tension gradient is maintained untfl the spreading reaches equilibrium.

This behavior can be contrasted to that observed with conventional 

surfactants in which the cumbersome hydrophobic groups impede the
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molecular transfer and the spreading process. According to the proposed 

mechanism, it can be predicted that the longer the hydrophobic chain, the more 

difficult will be the transfer o f surfactant molecules from the air/aqueous solution 

interface to the solid/aqueous solution interface, and therefore, the less 

tendency of spreading on the solid surface. Couzis11491 and his co-workers 

reported that trisiloxane surfactants are able to remove the highly energetic 

water layer near the hydrophobic surfaces. However, the conventional 

polyethoxylate surfactants(C,E,) are not able to remove this interfacial water 

layer effectively.

5.2 Mechanism of Synergism in Superspreading

As discussed in Part I of Chapter 4, the adsorption of L77 and the total 

adsorption of the surfactant mixtures at the polyethylene/aqueous solution 

interface can be enhanced by the addition of pyrrolidinones, except for C10P, to 

the L77. This means that the addition of pyrrolidinones with short hydrocarbon 

chains can make the adsorbed molecules more closely packed at the 

polyethylene/aqueous solution interface, which results in an additional reduction 

of the interfacial tension at the interface. On the other hand, the adsorption of 

L77 at the air/aqueous solution interface is not enhanced by the addition of 

pyrrolidinones. However, the addition of pyrrolidinones with short hydrocarbon
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chains to the aqueous solution of L77 may make the film at the air/ aqueous 

solution interface, specially the precursor film of spreading, more flexible and 

easier to bend. Kabalnov reported that many spreading agents have very short 

and highly branched hydrocarbon ta il structures to facilitate good spreading [48]. 

For further explanation, the precursor films of superspreading of aqueous 

solutions on polyethylene surface for L77 alone are shown in Figure 16 and 

Figure 17, a mixture of L77 and a pyrrolidinone with a short straight 

hydrocarbon chain, such as C8P, are shown in Figure 18 and Figure 19, and a 

mixture of L77 and a pyrrolidinone with a branched hydrocarbon chain, such as 

C2.6P, are shown in Figure 20 and Figure 21.

Air

Precursor fibn of aqueous soln.

Polyethylene substrate

Figure 16. Precursor Film of Aqueous Solution of L77 Alone on Polyethylene 
Substrate. Adsorption of L77 at the interfaces of air/aqueous solution and 
polyethylene/aqueous solution are almost the same.

As discussed in the previous part, the reason for superspreading of L77 on 

a hydrophobic surface such as polyethylene film is due to its unique molecular
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structure with a compact hydrophobic group, rather than a long hydrocarbon 

chain in a conventional surfactant molecule. The precursor film is shown in 

Figure 16. It can be seen that the bend of the precursor film in the direction of 

advance spreading will mainly depend upon the distance between the 

hydrophilic chains of the L77 molecules, as shown in Figure 17. Obviously, the 

larger the distance between the two hydrophilic chains, the easier will be the 

bend of the precursor film in the spreading direction.

Aqueous
solution

~0 
D

—d

Air Aqueous
solution

Air

Bend of the 
precursor film

-— J1  Direction of
, U  spreading

Figure 17. Bend of Precursor Film of Aqueous Solution of L77 in the 
Direction of Advance Spreading. The larger the distance between the 
hydrophilic chains of the two L77 molecules, the easier will it be to bend.

According to the experimental results, for mixtures of L77 and 

pyrrolidinone with a short straight hydrocarbon chain such as C8P, the 

adsorption of the mixture at the polyethylene/aqueous solution interface is 

greater than that at air/aqueous solution interface because the adsorption of 

L77 at the former interface is enhanced by the addition of pyrrolidinones except 

for C10P. At the air/aqueous solution interface, there is no enhancement of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



186

adsorption. The adsorption of L77 decreases because some of the adsorbed 

L77 molecules are replaced by pyrrolidinone molecules at the interface. This is 

shown in Figure 18. Therefore, the distance between the hydrophilic chains of 

two L77 molecules becomes larger, which makes it easier to bend the precursor 

film in the direction of spreading. This is shown in Figure 19. The experimental 

data have evidenced this change in the distance between the two hydrophobic 

chains of L77 molecules. As an approximation, this change can be evaluated in 

the following manner. The minimum area of L77 per molecule in absence of 

pyrrolidinone is 66 A2. Assume it occupies a square area at the air/aqueous 

solution interface, the distance between the two hydrophobic chains equals the 

square root of 66 A2, which is 8.1 A. In the mixture with a pyrrolidinone, e.g., 

C8P, the total adsorption of L77 and C8P at the air/aqueous solution interface 

increases to 2 .8 x 1  O'10 mol/cm2 because of the contribution from the larger

%

Precursor film of aqueous soln.

Polyethylene substrate

Figure 18. Precursor Film of Aqueous Solution of Mixture of L77 and 
Pyrrolidinone Having a Short Straight Hydrocarbon Chain on Polyethylene 
Substrate. Adsorptions of L77 at the polyethylene/aqueous solution 
interface is enhanced; at the air/aqueous solution interface, it decreases.
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Aqueous
solution  ►

u  Bend of the 
•  —  precursor film

Aqueous
solution

Air

Direction of 
spreading

Figure 19. Bend of Precursor Him of Aqueous Solution of L77 and 
Pyrrolidinone Having a Short Straight Hydrocarbon Chain on Polyethylene 
Substrata in the Direction of Spreading. The distance between the 
hydrophilic chains of two L77 molecules becomes larger.

adsorption of C8P at the air/aqueous solution interface. The average minimum 

area per molecule is therefore 59 A2. In the adsorbed monolayer at the 

interface, the mole fraction of L77 is 0.62. Therefore, the average area occupied 

by each L77 molecule equals 95 A2. With the same assumption of a square 

occupied by each L77 molecule, the distance between the two hydrophobic 

chains of L77 is 9.8 A, which is larger than that in absence of C8P. On the other 

hand, the hydrophilic group of the pyrrolidinones is much smaller than the 

hydrophilic group of L77. The space between the hydrophilic groups of L77 is 

large enough to accommodate it.
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For mixtures of L77 and the pyrrolidinone with a branched hydrocarbon 

chain, C2.6P, the enhancement o f adsorption at the polyethylene/aqueous 

solution interface caused by C2.6P is the greatest among the pyrrolidinoes 

studied. The possible packing model for the mixture of L77 and C2.6P at the 

polyethylene/ aqueous solution interface is shown in Figure 20. The branched 

hydrophobic chain works as a bridge to link each two L77 molecules at this 

interface. In this way, both L77 and C2.6P molecules have optimal packing and 

reach a maximum enhancement o f adsorption at the interface. This packing 

model can be verified by the results of the mole fraction of L77 at the 

polyethylene/aqueous solution interface. The experimentally determined 

XgL (expt) and calculated XsL(calcd) are the same, both of them are 0.55 [51], 

which are pretty close to the value o f 0.5, obtained from the proposed packing 

model. The experimentally determined mole fractions of L77, XsL(expt), in the

mixtures with other pyrrolidiniones are: C4P, 0.77; CHP, 0.71; C6P, 0.64; C8P, 

0.55; C10P, 0.40. At the interface air/aqueous solution, the change in the 

adsorption is the same as that o f other pyrrolidinones as described before, 

there is no enhancement of adsorption at this interface and some of the 

adsorbed L77 molecules are replaced by C2.6P molecules. Therefore, the 

distance between the hydrophilic chains of two L77 molecules becomes larger, 

which makes it easier to bend the precursor film in the direction of spreading. 

This is shown in Figure 21. In addition, because of the branched

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



189

hydrophobic chain in C2.6P molecules, the side in the air at the air/aqueous 

solution interface is more crowded relative to other pyrrolidinones, which is also

Precursor film o f aqueous soin. •

M iM # , ty,
Polyethylene substrate

Figure 20. Precursor Film of Aqueous Solution of Mixture of L77 and C2.6P 
on Polyethylene Substrate. The branched hydrophobic chains in C2.6P 
molecules link each two molecules of L77 to make the molecules pack 
best at the polyethylene/aqueous solution interface.

Aqueous ^  i~| 
solution U

— {]

Air
Aqueous
solution

Bend off the 
precursor film

Air

Direction of 
spreading

Figure 21. Bend off Precursor Film of Aqueous Solution of L77 and C2.6P on 
Polyethylene Substrate in the Direction off Advance Spreading. The branched 
hydrocarbon chains make an additional contribution to bend the precursor 
film in the direction of spreading.
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shown in Figure 21. it makes an additional contribution to bend the precursor 

film in the direction of spreading, which cannot be produced by other used 

pyrrolidinones with a short straight hydrocarbon chain. Combined both unique 

properties of C2.6P as described above, the mixture of L77 and C2.6P shows 

the greatest synergistic effect in superspreading on polyethylene film. As of the 

mixture of L77 and CHP, although the hydrocarbon group of CHP, cyclohexyl 

group, is nearly as bulky as C2.6P. it is not able to enhance the adsorption of 

L77 at polyethylene/aqueous solution interface, a dominant factor governing the 

spreading, as high as C2.6P. Therefore, the synergism of mixture of L77 and 

CHP is less than that of mixture of L77 and C2.6P.

5.3 The Lack of Synergism Found in Mixtures of L77 and C10P

Apparently, there is a maximum in the length of the hydrocarbon chain of 

pyrrolidinones that can enhance the superspreading of L77 on the polyethylene 

substrate. Except for CHP and C2.6P, whose hydrocarbon chains are not 

straight chain, C4P, C6P, C8P, and C10P are exact homologues, whose 

hydrophobic chains each increase by two -CH 2 groups. Their hydrophobicities 

can be related to their solubilities in water; the lower solubility, the higher the 

hydrophobocity of the molecule. Figure 22 shows the logarithm of solubility 

(mole/L) of the homologues in the phosphate buffer solution. It can be seen that 

the logarithm of the solubility(mole/L) o f the homologues decreases linearly with 

increase in the number of carbon atoms in the alkyl chain. Noteworthy is that
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the solubilities(mole/L) of C4P, C6P and C8P are higher than that of L77, but

the solubility(mole/L) of C10P is lower than that of L77. It means that the

hydrophobicity of C10P is higher than thatofL77. This may account for its 

greater adsorption than that o f L77 at the aqueous solution/ polyethylene

interfacel3?1.

Figure 22. Plot of Logarithm of Solubility(M) vs. 
the Number of Carbon Atoms in Alkyl Chain
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Because of the competitive adsorption of C10P, the polyethylene/aqueous 

solution interface, when contacted with the mixture of L77 and C10P, will be 

mainly occupied by C10P molecules, as shown in Figure 23, rather than by the 

L77 molecules observed in the mixtures with other pyrrolidinones. This has 

been confirmed by experimental data of mole fraction of L77 (XgL) at the 

interface of polyethylene/aqueous solution. For the mixture of L77 and C10P, 

X L”  (expt) = 0.40; for all the other mixtures, Xg7 (expt) is greater than 0.50. 

Thus, the interfacial tension at the polyethylene/aqueous solution interface, 

reduced mainly by C10P, cannot be as low as where reduced mainly by L77, in 

the other mixtures. Consequently, the spreading cannot be enhanced 

effectively.

Figure 23. Precursor Film of Aqueous Solution of Mixture of L77 and C10P on 
Polyethylene Substrate. The mole fraction of L77 at the polyethylene/aqueous 
solution interface is 0.4, the greater portion of this interface is occupied by C10P.

Air

Polyethylene substrate
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Also, the most competitive adsorption of C10P relative to other 

pyrrolidinones results in a smallest mole ratio of L77 to C10P at air/aqueous 

solution interface. From the experimental results1511, it can be seen that for 

mixtures of L77 and pyrrolidinones, L77 and C10P, X[A =0.62; L77 and C8P 

X[^ =0.67; L77 and C2.6P, X [* =0.75; L77 and C6P, X ^ O .7 6 ; L77 and 

CHP, X j^  =0.76; L77 and C4P, X|> =0.78. Because a pretty large portion of the 

interface is occupied by C10P molecules, with the longest straight hydrocarbon 

chains relative to the other pyrrolidinones, it impedes the transfer of surfactant 

molecules from the air/aqueous solution interface to the polyethylene/ aqueous 

solution interface because of the greater difficult of bending of the precursor 

film. Consequently, the spreading of the mixture is not enhanced.
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CONCLUSIONS

Adsorption effectiveness (Fla) of the individual surfactant at the 

air/aqueous solution interface decreases in the order: C10P > C8P > C6P > 

C2.6P > CHP > C4P > L77. For N-alkylpyrrolidinones with different alkyl chain 

lengths, the adsorption at the air/aqueous solution interface increases, as 

expected, with length of the alkyl chain. L77, although it has the smallest 

adsorption at air/aqueous solution interface, has the lowest ycm.c.- Therefore, the 

value of yam c is not necessarily consistent with the adsorption effectiveness at 

the air/aqueous solution interface, but depends as well on the molecular 

characteristics of the surfactant However, L77 has the greatest adsorption 

efficiency {pCx , -AG ^,) at the air/aqueous solution interface among the

compounds investigated. Mixtures o f L77 and an N-alkyl-pyrrolidinone show 

little, if any, enhancement of the total surfactant adsorption of the mixture at that 

interface.

Adsorption amounts o f the individual surfactants on powdered 

polyethylene surfaces decrease in the order. C10P > L77 > C8P > C2.6P > C6P 

> CHP > C4P, with adsorption o f the pyrrolidinones on the polyethylene surface
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decreasing, as expected, with a decrease in the number of carbon atoms in the 

alkyl chain of the pyrrolidinones. The adsorption isotherms of all surfactants 

except C10P are of Langmuir type, with the absolute values of their (negative) 

standard adsorption free energies decreasing in the order: L77 > C8P > C6P > 

CHP > C2.6P > C4P. There is considerable enhancement of the adsorption of 

L77 in the mixed solutions onto the powdered polyethylene surface upon the 

addition to the solution of the pyrrolidinones and, except for C10P, reduction in 

the adsorption of the pyrrolidinones. The enhancement effectiveness by the 

pyrrolidinones of L77 adsorption at the polyethylene/aqueous solution interface 

is in the order: C2.6P > C8P > C6P > CHP > C4P; the enhancement efficiency 

is in the order: C2.6P > C8P > CHP> C6P > C4P.

There is also enhancement of the total adsorption of surfactant at the 

polyethylene/aqueous solution interface in the L77-pyrrolidinone mixtures. The 

enhancement effectiveness o f the pyrrolidinones decreases in the order: C2.6P 

> C8P > C4P > CHP > C6P ; the enhancement efficiency in the order. C2.6P 

-  C8P > C6P ~ CHP > C4P. C10P causes no enhancement of total surfactant 

adsorption.

Since adsorption of individual surfactants and their mixtures at the 

solid/air interface is smaller by one order of magnitude than that at the 

air/aqueous solution and solid/aqueous solution interfaces and there is almost
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no enhancement of the total adsorption of the surfactants at the air/aqueous 

solution interface upon addition of the pyrrolidinones, enhancement of the 

adsorption at the solid/aqueous solution interface, and especially of L77, 

appears to be the most significant effect of this addition.

The change in the values of the spreading coefficient on polyethylene of 

an aqueous solution of the ethoxylated trisiloxane L77 upon addition of an N- 

alkyl pyrrolidinone can be approximated from the difference between the 

change in interfacial pressure at the polyethylene/aqueous solution interface 

and the change in the surface tension of the aqueous solution. The increase in 

the value of the former is the dominant factor in increasing the value of the 

spreading coefficient.

The change in the spreading coefficient on the polyethylene of an 

aqueous solution of L77 upon addition of different N-alkyl pyrrolidinones is in 

about the same order as their enhancement o f its spreading factor on 

polyethylene. There is a good linear relationship between the change in 

spreading coefficient and the change in spreading factor. The slope of the plots 

for all mixtures is almost a constant, meaning it is related to the surface energy 

of the substrate.
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Interactions of L77 with the different N-alkyl pyrrolidinones investigated 

at the aqueous solution/air and polyethylene/air interface are very weak. The 

L77-C10P mixture shows a very weak repulsion between the two surfactant 

molecules. This is consistent with the results of surface tension, which indicate 

that there is no synergism at the air/aqueous solution interface. The area per 

molecule at the air/aqueous solution interface is between L77 and the individual 

pyrrolidinone, indicating that there is no significant attractive or repulsive 

interaction between L77 and pyrrolidinones at the air/aqueous solution 

interface.

At the interface of polyethylene/aqueous solution, there is an attractive 

interaction between L77 and pyrrolidinones C4P, CHP, C6P, C2.6P and C8P 

while the mixture of L77 and C10P has a small positive interaction parameter, 

indicting weak repulsive interaction. The order of negative pSL8 values is 

C2,6P>C6P>C8P>CHP>C4P. This is exactly the same order as the 

decrease in the enhancement o f the spreading factor. For C10P, there is no 

enhancement found in the spreading factor when it is added to L77 aqueous 

solutions at any mole ratio. The attractive interactions between L77 and 

pyrrolidinones C4P, CHP, C6P. C2.6P, and C8P are also consistent with the 

remarkable enhancement of the adsorption of L77 onto powdered polyethylene. 

The maximum enhancements o f adsorption by the pyrrolidinones are in the 

order C2,6P>C8P>C6P>C4P, which is almost the same as the order of
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interactions listed above. Such interactions result in a more packed monolayer 

at the polyethylene/aqueous solution interface. Perhaps the structural similarity 

between the branched hydrophobic group in the L77 molecule and the 

branched hydrocarbon chain In C2.6P molecule accounts for the finding that 

their interaction is the greatest

Comparison of values o f the mole fractions of L77 and the interaction 

parameters at the polyethylene/aqueous solution interface, either calculated by 

use of the nonideal solution treatment or measured directly from adsorption 

data, showed good agreement between them. This is considered good 

validation of the nonideal solution treatment for calculating these quantities.
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Table B -l. Surface Tension, Contact Angle and Adhesion Tension

o f L77 on Polyethylene Substrate

(In Phosphate Buffer Solution, pH»7.00,25 °C)

C (M ) LogC Yi a  ( « M /» ) 6 COS0 Yia COsO

1.25*10* -5.90 47.3 96.5° -0.113 -5.35

2.50x10* -5.60 42.6 91.6° -0.028 -1.19

5.00x10* -5.30 38.5 85.2° 0.084 3.22

1 .0 0 x1 0 * -5.00 34.3 77.5° 0.216 7.42

2 .0 0 x1 0 * -4.70 29.5 6 8 .1 ° 0.373 1 1 . 0 0

5.00x10* -4.30 24.5 46.8° 0.685 16.77

1 .0 0 x1 0 * -4.00 2 2 . 2 19.6° 0.942 20.91

2 .0 0 x1 0 * -3.70 21.5 9.6° 0.986 2 1 . 2 0

4.00x10* -3.40 2 1 . 2 4.4° 0.997 21.14

8 .0 0 x1 0 * -3.10 2 1 . 1 0 ° 1 . 0 0 0 2 1 . 1 0

1.60x10* -2.80 2 1 . 0 0 ° 1 . 0 0 0 2 1 . 0 0

3.20x10* -2.49 | 20.9 0 ° 1 . 0 0 0 20.90
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Table B-2. Surface Tension, Contact Angle and Adhesion Tension

o f C4P on Polyethylene Substrate

(In Phosphate Buffer Solution, pH«7.00,25 °C)

C(M) LogC Yia  (mN/m) e cose YxaCOsO

4.00x10"* -3.40 71.8 96.5° -0.113 -8.13

8 .0 0 x1 0 "* -3.10 71.4 96.1° -0.106 -7.59

1.60x1 O' 3 -2.80 70.9 95.8° -0 . 1 0 1 -7.16

3.20x1 O' 3 -2.49 69.7 95.2° -0.091 -6.32

6.40x10*3 -2.19 6 8 . 1 94.8° -0.084 -5.70

1.28x10* -1.89 65.1 93.9° -0.068 •4.43

2.56x10* -1.59 61.2 91.1° -0.019 -1.17

5.12x10* -1.29 56.9 87.5° 0.044 2.48

0 . 1 0 2 -0.99 51.7 82.7° 0.127 6.57

0.250 -0.60 46.1 75.4° 0.252 11.62

0.500 -0.30 41.8 6 6 .6 ° 0.397 16.60

1 . 0 0 0 0 . 0 0 38.9 57.2° 0.542 21.07
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Table B-3. Surface Tension, Contact Angle and Adhesion Tension 

of CHP on Polyethylene Substrate

(In Phosphate Buffer Solution, p H *7 .00 ,25 °C)

C(M) LogC Yi*(mH/m) e cose Yia CObQ

2.24x1 O' 3 -2.65 65.6 95.3° -0.092 -6.06

4.48x1 O’ 3 -2.35 60.4 95.5° -0.096 -5.79

8.96x10*3 -2.05 54.2 95.6° -0.098 -5.29

1.79x1 O’ 2 -1.75 48.3 95.1° -0.089 -4.29

3.58x1 O' 2 -1.45 44.1 90.7° -0 . 0 1 2 -0.54

7.16x1 O' 2 -1.15 37.7 83.6° 0 . 1 1 1 4.20

1.43x1 O' 1 -0.84 32.8 72.5° 0.301 9.86
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Tabic B-4. Surface Tension, Contact Angle and Adhesion Tension 

o fC 6 P on Polyethylene Substrate

(In Phosphate Buffer Solution, pH«7.00,25 °C)

C(M) LogC Yu (aH /a ) 6 cos6 YlaCosO

1.10X10-3 -2.96 63.2 96.2° -0.108 -6.83

2.20x1 O'3 •2.66 56.8 96.1° -0.106 -6.04

4.40x10*3 -2.36 52.6 95.8° -0.101 -5.32

8.80x10*3 -2.06 47.7 94.2° -0.073 -3.49

1.76x10*2 -1.75 42.2 89.1° 0.016 0.66

3.52x10‘2 -1.45 36.5 79.8° 0.177 6.46

7.04x10'2 -1.15 31.8 70.4° 0.335 10.67
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Table B-5. Surface Tension, Contact Angle and Adhesion Tension 

of C2,6P on Polyethylene Substrate

(In Phosphate Buffer Solution, p H *7 .00 ,25 °C)

C(M) LogC Ylx (mN/m) 0 COS0 YiaCOsO

7.94x10"* -3.10 52.1 89.6° 0.007 0.36

1.00x1 O'3 -3.00 50.5 87.6° 0.042 2.11

1.26x1 O'3 -2.90 48.4 85.3° 0.082 3.97

1.58x10'3 -2.80 46.8 83.1° 0.120 5.62

2.00x10"3 -2.70 45.2 80.5° 0.165 7.46

2.51 xlO"3 -2.60 43.6 77.4° 0.218 9.51

3.16X10"3 -2.50 41.6 74.2° 0.272 11.38

3.98x10*3 -2.40 40.2 71.3° 0.321 12.89

5.01 xlO*3 -2.30 38.4 66.9° 0.392 15.07

6.31 xlO*3 -2.20 36.8 63.1° 0.452 16.65

7.94X10"3 -2.10 35.1 58.2° 0.527 18.50

1.00x10"2 -2.00 33.3 52.4° 0.610 20.32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



204

Table B-6 . Surface Tension, Contact Angle and Adhesion Tension 

o fC 8 P on Polyethylene Substrate

(In Phosphate Buffer Solution, pH«7.00,25 °C)

C (M) LogC Yia  (mN/m) e COS0 YxaCOsO

2.82x1 O'4 -3.55 57.6 93.8° -0.066 -3.82

3.98x10** -3.40 54.5 91.6° -0.026 -1.52

5.64x10** -3.25 50.8 88.4° 0.028 1.42

7.95x10** -3.10 47.2 85.7° 0.075 3.54

1.13X10*3 •2.95 43.8 80.6° 0.163 7.15

1.58X10-3 -2.80 40.9 76.3° 0.237 9.69

2.26x1 O' 3 -2.65 37.1 69.2° 0.355 13.17

3.16X10*3 -2.50 33.5 61.6° 0.476 15.93

4.52x1 O' 3 -2.34 29.6 51.5° 0.623 18.43
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Table B-7. Surface Tension, Contact Angle and Adhesion Tension 

of C10P on Polyethylene Substrate

(In Phosphate Buffer Solution, pH*7.00,25 aC)

C (M ) LogC Y x A ( a N / a ) 0 C O S 6 YutCO sO

3.1 2 x1 O’ 5 -4.51 53.8 96.4° -0 . 1 1 1 -6 . 0 0

5.24x10 s -4.28 48.6 95.7° -0.099 -4.83

8.48x10 s -4.07 44.4 90.8° -0.014 -0.62

1.24x10“* -3.91 40.6 84.6° 0.094 3.82

1.87x10“* -3.73 36.6 76.5° 0.233 8.54

2.80x10“* -3.55 32.8 74.8° 0.262 8.60

4.20x10“* -3.38 29.1 72.7° 0.297 8.65
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Table B-8 . Surface Tension, Contact Angle and Adhesion Tension of 

Mixtures of L77 and C4P on Polyethylene Substrate

(<Xl77 = 0.029, C4P%wt.=87.1%)

(In Phosphato Buffer Solution, pH*7.00,25 °C)

C(M) LogC Yxa(« H /» ) e cos6 YxaCOs6

1.51x10-* -4.82 55.1 94.1° -0.071 -3.94

3.02x1 O'5 -4.52 49.5 92.6° -0.045 -2.25

6.04x10‘5 -4.22 44.6 88.5° 0.026 1.17

1.21X10-* -3.92 38.2 83.5° 0.113 4.32

2.42x10-4 -3.62 33.4 77.5° 0.216 7.23

4.84x1 O'4 -3.32 29.1 69.2° 0.355 10.33

9.68x1 O'4 -3.01 26.1 58.4° 0.524 13.68

1.94X10-3 -2.71 25.1 47.5° 0.676 16.96

3.88x1 O'3 -2.41 24.2 34.5° 0.824 19.94
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Table B-9. Surface Tension, Contact Angle and Adhesion Tension of 

Mixtures of L77 and C4P on Polyethylene Substrate 

( a L 7 7  = 0.110, C4P%wt.=62.0%)

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C(M) LogC Yia  ( ■ » / * ) e cose Yl* c o s 0

1 .1 2 x1 0 *® -4.95 51.1 92.2° -0.038 -1.96

2.24x10® -4.65 46.9 91.5° -0.026 -1.23

4.48x10® -4.35 42.3 86.3° 0.065 2.73

8.96x10® -4.05 36.5 78.2° 0.204 7.46

1.79x1 O'4 -3.75 31.4 67.9° 0.376 11.81

3.58x10"4 -3.45 26.2 51.6° 0.621 16.27

7.16x10** -3.15 24.3 31.2° 0.855 20.79

1.43x10*® -2.84 23.3 17.4° 0.954 22.23

2 .8 6 x1 0 * 3 -2.54 23.2 16.6° 0.958 22.23
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Table B-10. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures o f L77 and C4P on Polyethylene Substrate

( a L77 =  0.209, C4P% wt.=43J% )

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C(M) LogC Yx a O ***/® ) e COSO YxaCOS0

1.18x10‘5 -4.93 46.3 89.7° 0.005 0.24

2.36x1 O'5 •4.63 41.5 84.3° 0.099 4.12

4.72x1 (T5 -4.33 36.8 77.7° 0.213 7.84

9.44x1 O'® -4.03 32.8 67.8° 0.378 12.39

1.89X10-* -3.72 28.2 52.4° 0.610 17.21

3.78x10"4 -3.42 24.6 30.8° 0.859 21.13

7.56x1 O'4 -3.12 23.2 20.3° 0.938 21.76

1.51x10-® -2.82 22.9 16.8° 0.957 21.92

3.02x10-® -2.52 22.8 15.6° 0.963 21.96
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Table B -ll. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C4P on Polyethylene Substrate

( a L 77 = 0.313, C4P%wt.=30.7%)

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C (M ) LogC Y u (a H /a ) e CO80 Yia COsG I

3.43x1 O'6 •5.46 48.7 94.1° -0.071 -3.48

6.85x1 O'6 -5.16 44.8 90.4° -0.007 0.31

1.37x1 O'5 -4.86 40.6 84.5° 0.096 3.89

2.74x10-* -4.56 36.5 78.9° 0.193 7.03

5.48x10* •4.26 32.5 69.8° 0.345 11.22

1.10x10** -3.96 28.4 58.5° 0.522 14.84

2.19x10** -3.66 24.5 39.5° 0.772 18.90

4.38x10** -3.36 22.8 25.3° 0.904 20.61

8.76x10** -3.06 22.1 22.3° 0.925 20.45

1.95x10** -2.71 22.1 21.5° 0.930 20.56
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Table B-12. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C4P on Polyethylene Substrate

( a L 77 = 0.475, C4P% w t=t8.2% )

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C(M) LogC Yi a ( u H / » ) 0 COS0 YzaC O s O

2.81x10* -5.55 46.2 94.4° -0.077 -3.54

5.62x10* -5.25 42.1 90.2° -0.003 -0.15

1.12x10* -4.95 38.3 83.2° 0.118 4.53

2.24x10* -4.65 34.5 76.4° 0.235 8.11

4.48x10* -4.35 30.4 66.2° 0.404 12.27

8.96x10* -4.05 26.5 52.5° 0.609 16.13

1.81x10* -3.74 23.6 30.8° 0.859 20.27

3.62x10* -3.44 22.1 19.6° 0.942 20.82

7.24x10* -3.14 21.9 12.4° 0.977 21.39

1.44x10* -2.84 22.0 5.5° 0.995 21.90
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Table B-13. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C4P on Polyethylene Substrate

( a L77 = 0.611, C4P#/«wt.=11.4%)

(In Ptioaphato Buffer Solution, pH*7.00,25 °C)

C(M) LogC Yla (mN/m) 6 COS0 YxaCosO

3.30x10* -5.48 44.5 90.5° -0.009 -0.39

6.61x10'* -5.18 40.4 85.4° 0.080 3.24

1.35x10'* -4.87 35.8 78.4° 0.201 7.20

2.40x1 O'* -4.62 32.1 70.8° 0.329 10.56

4.27x10* -4.37 28.6 61.2° 0.482 13.78

8.32x10* -4.08 25.7 46.5° 0.688 17.69

1.45x10"* -3.84 22.5 30.5° 0.862 19.39

2.90x1 O'4 -3.54 21.7 16.5° 0.959 20.81

5.80x1 O'4 -3.24 21.5 12.4° 0.997 21.00

1.16x10** -2.94 21.4 8.8° 0.988 21.15
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Table B-14. Surface Tension, Contact Angle and Adhesion Tension of

M ixtures of L77 and C4P on Polyethylene Substrate

(CX l77 = 0.805, C4P%wt=4.7%)

(In Phoophate Buffer Solution, pH*7.00,25 °C)

C(M) LogC Yia  (mN/m) e cos6 YlaCosG

2.10x10^ -5.68 45.4 93.6° -0.063 -2.85

4.22x10"* -5.37 41.1 88.1° 0.033 1.36

8.44x10"* -5.07 36.5 82.5° 0.131 4.76

1.69x10 s -4.77 32.4 73.6° 0.282 9.15

3.42x10*5 -4.47 28.3 62.7° 0.459 12.98

6.84x1 O'5 -4.16 24.6 46.5° 0.688 16.93

1.77X10"4 -3.75 22.1 25.6° 0.902 19.93

3.54x10"4 -3.45 21.9 18.9° 0.946 20.72

7.01X10"4 -3.15 21.7 10.5° 0.983 21.34

1.40x10** -2.85 21.4 5.2° 0.996 21.31
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Table B-15. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and CHP on Polyethylene Substrate

(a L77 = 0.058, CHP%wt.=79.5%)

(In Phosphate Butler Solution, pH»7.00,25 °C)

C (M) LogC Yla (mN/m) e cose YiaCOsO

2.61 x105 -4.58 48.3 93.6° -0.063 -3.03

5.22x10-* -4.28 43.5 88.9° 0.019 0.84

1.04x1 O'4 -3.98 38.8 83.1° 0.120 4.66

2.08x10-* -3.68 34.6 75.7° 0.247 8.55

4.16x10"* -3.38 30.1 64.5° 0.431 12.96

6.16x10"* -3.21 27.1 54.2° 0.585 15.85

1.03x10-* -2.99 26.3 42.4° 0.738 19.42

2.06x1 O'3 -2.69 25.8 37.5° 0.793 20.47

4.12x10-* •2.39 25.4 34.5° 0.824 20.93
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Table B-16. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and CHP on Polyethylene Substrate

( a L 77 = 0.115, CHP%wt.=64.7%)

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C(M) LogC Y iA (» N /m ) 0 C O 8 0 YxaCo s O

1.32x1 O'* -4.88 48.4 94.7° •0.082 -3.97

2.64x1 O'* -4.58 43.9 90.5° -0.009 -0.38

5.28x10‘5 -4.28 39.8 82.9° 0.124 4.92

1.03x1 O'4 -3.99 35.1 73.4° 0.286 10.03

2.06x10-4 -3.69 31.4 59.7° 0.505 15.84

4.12x1c4 -3.39 26.2 44.8° 0.710 18.59

7.22x1c4 -3.14 24.3 26.1° 0.898 21.82

1.44X10-3 -2.84 24.2 21.2° 0.932 22.56

2.88x1c3 -2.54 24.1 15.4° 0.964 23.23
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Table B-17. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and CHP on Polyethylene Substrate

(CXl77 = 0.253, CHP% w t.=41J% )

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C(M) LogC (aN/rn) e cose YiaCosO

1.16x10‘5 -4.94 45.8 94.5° -0.078 -3.59

2.32x1 O’5 -4.63 41.5 86.4° 0.063 2.61

4.64x10‘5 -4.33 36.8 75.4° 0.252 9.28

9.23x10 s -4.03 32.8 64.8° 0.426 13.97

1.84X10-* -3.74 28.2 46.9° 0.683 19.27

3.68x1 O'4 -3.43 24.1 30.8° 0.859 20.70

7.46x1 O'4 -3.13 23.4 20.8° 0.935 21.87

1.48x1 O’3 -2.83 23.3 14.8° 0.967 22.53

2.96x1 O'3 -2.53 23.2 12.4° 0.977 22.66
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Table B-18. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and CHP on Polyethylene Substrate

«XL77 = 0.407, CHP%wt.=25.8%)

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C(M ) LogC Yia (uH /») 6 COS0 YlaCo s O

6.23x1 cr6 -5.21 46.4 95.2° -0.091 -4.21

1.24x1 O’5 -4.91 42.2 91.8° -0.031 -1.33

2.28x1 O'* -4.64 38.3 86.4° 0.063 2.40

4.56x1 O'5 -4.34 33.9 78.9° 0.193 6.53

9.12x10* -4.04 29.3 65.8° 0.410 12.01

1.82x10"* -3.74 25.4 51.3° 0.625 15.88

3.64x1 O'* -3.44 23.2 35.4° 0.815 18.91

7.28x10"* -3.14 22.6 25.3° 0.904 20.43

1.45X10*3 •2.84 22.5 20.5° 0.937 21.08

2.90x10*3 -2.54 22.4 15.4° 0.964 21.60
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Table B-19. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and CHP on Polyethylene Substrate

(CXL77 = 0.581, CHP%wt.=14.7%)

(In Phosphate Butler Solution, pH*7.00,25 °C)

C (M) LogC Yl*. (uN/m) 6 COS6 YxaCOsG

3.42x1 O'* -5.47 45.9 95.6° -0.098 -4 48

6.84x10* -5.16 41.8 90.3° -0.005 -0.22

1.37x10* -4.86 37.9 83.2° 0.118 4.49

2.74x1 O'5 -4.56 33.9 74.4° 0.269 9.12

5.48x10 s -4.26 28.9 61.6° 0.476 13.75

8.98x10* -4.05 26.0 48.8° 0.659 17.13

1.88x1c4 -3.73 22.9 29.5° 0.870 19.93

3.66x1c4 -3.44 22.1 18.3° 0.949 20.98

7.28x1c4 -3.14 22.1 12.1° 0.978 21.61

1.48x1c3 -2.83 22.1 6.2° 0.994 21.97 |
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Table B-20. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and CHP on Polyethylene Substrate

( a L ?7 = 0.694, CHP% wt.=9.5% )

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C(M) LogC Yla (nH/n) e COS0 YiaCosO

3.11x10*• -5.51 44.4 93.5° -0.061 -2.71

6.22x10'* -5.21 40.2 88.4° 0.028 1.12

1.24x1 O'* -4.91 35.8 82.1° 0.137 4.92

2.48x1 O'5 -4.61 32.1 72.6° 0.299 9.60

4.96x1 O’5 -4.30 27.6 58.4° 0.524 14.46

I.OIxlO-4 -4.00 23.7 38.9° 0.778 18.44

2.02x1 O'4 -3.69 22.2 25.1° 0.906 20.10

4.04x10** -3.39 21.7 14.3° 0.969 21.03

8.08x10** -3.09 21.5 12.4° 0.977 21.00

1.61X10"3 -2.79 21.4 5.7° 0.995 21.29
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Table B-21. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and CHP on Polyethylene Substrate

(CXl77 = 0.838, CHP%wt.=4.4%)

(In Phosphate Buffer Solution, p H *7 .00 ,25 °C)

C(M) LogC YxaObN /b ) e COS0 YiaCosO

1.92*10* -5.72 46.1 95.2° -0.091 -4.18

3.84x10* -5.42 41.7 90.3° -0.005 -0 . 2 2

8.54x10* -5.07 36.4 82.7° 0.127 4.63

1.71x10* -4.77 31.8 73.8° 0.279 8.87

3.44x10* -4.46 27.9 61.6° 0.476 13.27

6 .8 8 x1 0 * -4.16 24.1 45.6° 0.700 16.86

1.79x10* -3.75 2 2 . 1 23.6° 0.916 20.25

3.58x10* -3.45 21.9 17.9° 0.952 20.84

7.16x10* -3.15 21.7 1 0 .6 ° 0.983 21.33

1.43x10* -2.84 21.4 6.5° 0.994 21.26
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Table B-22. Surface Tension, Contact Angle and Adhesion Tension of

Mixtnres of L77 and C6P on Polyethylene Substrate

( a L 77 = 0.028, C6P%wt=89J%)

(In Phosphate Buffer Solution, p H *7 .00 ,25 °C)

C (M) LogC Y u ( a M /a ) 9 COS6 Yia COs O

2.88x1 O’ 5 -4.54 55.2 94.8° •0.084 -4.62

5.76x10-* -4.24 49.4 94.5° -0.078 -3.88

1.15x10“ -3.94 44.8 93.8° -0.066 -2.97

2.30x10“ -3.64 38.2 89.6° 0.007 0.27

4.60x10“ -3.34 34.4 81.9° 0.141 4.85

9.20x10“ -3.04 29.2 72.4° 0.302 8.83

1.84x1 O' 3 -2.74 26.2 58.6° 0.521 13.65

3.28x10“ -2.48 25.9 47.5° 0.676 17.50

5.36x10“ -2.27 25.7 40.2° 0.764 19.63

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



221

Table B-23. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C6P on Polyethylene Substrate

( a L 77 = 0.152, C6P%wt=57.4%)

(In Phoephato Buffer Solution, pH *7 .00 ,25 °C)

C(M) LogC Y m (m N /m ) e COS0 YxaCosO

1.01x1 O' 5 -5.00 50.9 94.0° -0.070 -3.55

2 .0 2 x1 0  s -4.69 46.8 92.6° -0.045 -2 . 1 2

4.04x10* •4.39 42.5 88.4° 0.028 1.19

8.08x10* -4.09 36.6 80.5° 0.165 6.04

1.62x10"* -3.79 31.8 67.9° 0.376 11.96

3.24x10“* -3.49 26.2 51.3° 0.625 16.38

6.48x10“* -3.19 24.2 34.5° 0.824 19.94

1.30x1 O'* -2.89 23.8 27.6° 0 . 8 8 6 21.09

2.60x1 O' 3 -2.59 23.8 2 2 .2 ° 0.926 22.04
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Table B-24. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C6P on Polyethylene Substrate

(a L77 = 0.243, C6P%wt=42.9%)

(In  Phosphate Buffer Solution, pH *7.00,25 °C)

C(M) LogC 6 cosO YlACOSd

1.08x1c5 -4.97 45.8 91.5° -0.026 -1.20

2.16x10 s -4.67 41.2 86.1° 0.068 2.80

4.32x10 s -4.36 36.3 79.8° 0.177 6.43

8.64x1 O'5 -4.06 31.8 68.5° 0.367 11.65

1.73x10^ -3.76 27.2 52.4° 0.610 16.60

3.46x1 O'4 -3.46 24.6 28.2° 0.881 21.68

6.92X10-* -3.16 23.5 20.5° 0.937 22.01

1.38x1c3 -2.86 23.5 17.2° 0.955 22.45

2.76x1c3 -2.56 23.4 14.5° 0.968 22.65
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Table B-25. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C6P on Polyethylene Substrate

( a L 77 *  0.417, C6P%wt=25.2%)

(In Phosphate Buffer Solution, pH =7.00,25 °C)

C(M) LogC Yi a  ( a M /m ) 0 cose Yi a C O s O

3.23x1 O' 6 -5.49 49.1 93.3° -0.058 -2.83

6.46x1 O'* -5.19 44.8 92.2° -0.038 -1.72

1.29x1 O' 5 -4.89 40.6 87.8° 0.038 1.56

2.58x1 O' 5 -4.59 36.5 79.6° 0.181 6.59

5.16x10-* -4.29 32.5 69.8° 0.345 1 1 . 2 2

1.03x1 O'* -3.99 28.0 56.4° 0.553 15.49

2.06x10“ -3.69 23.2 36.8° 0.801 18.58

4.12x10“ -3.39 2 2 . 8 23.3° 0.918 20.94

8.24x10“ -3.08 2 2 . 8 22.3° 0.925 21.09

1.64x10-* -2.79 2 2 . 8 20.7° 0.935 21.33
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Table B-26. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C6P on Polyethylene Substrate

(CXL77 = 0.574, C6P%wt=15.2%)

(In Phosphate Buffer Solution, p H *7 .00 ,25 °C)

C(M) LogC Y i* (« N /® > e COS0 YxaC o s G

2.85x10'® -5.55 47.2 95.6° -0.098 -4.61

5.70x10-® -5.24 43.1 90.5° -0.009 -0.38

1.06x10-® -4.97 39.3 84.6° 0.094 3.70

2 .1 2 x1 0 ® -4.67 35.1 76.4° 0.235 8.25

4.24x10® -4.37 30.8 6 6 .2 ° 0.404 12.43

8.48x10-* -4.07 26.5 51.2° 0.627 16.61

1.70X10-4 -3.77 2 2 . 8 27.8° 0.885 20.17

3.41x10"* -3.47 22.7 18.1° 0.951 21.58

6.82x10'* -3.17 2 2 . 6 13.5° 0.972 21.98

1.36x10"* -2.87 2 2 . 6 7.4° 0.992 22.41
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Table B-27. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C6P on Polyethylene Substrate

( a L 77 = 0.735, C6P%wt=8.0%)

(In  Phosphate Buffer Solution, p H *7 .00 ,25 °C)

C(M) LogC Yi a ( b N / b i) 9 COS9 YxaC O s O

3.05x1 O'* -5.52 44 5 92.8° -0.049 -2.17

6 .1 0 x1 0 “® -5.21 40.2 87.2° 0.049 1.96

1.22x1 O’ 5 -4.91 35.7 80.5° 0.165 5.89

2.44x10 s -4.61 31.2 70.2° 0.339 10.57

4.48x10-® -4.35 27.3 59.7° 0.505 13.77

8.96x10-* -4.05 23.4 42.1° 0.742 17.36

1.80x10"* -3.74 22.5 26.4° 0.896 20.15

3.60x10"* -3.44 21.9 18.7° 0.947 20.74

7.20x10"* -3.14 2 1 . 8 12.4° 0.977 21.29

1.44x1 O' 3 -2.84 2 1 . 8 6.7° 0.993 21.65
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Table B-28. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C6P on Polyethylene Substrate

(a L77 =  0.868, C6P% wt=4.5% )

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C(M) LogC Yi a (* M /® ) e cos6 Y l a C o s G

2.02x1 O'6 -5.69 45.4 93.8° -0.066 -3.01

4.04x10-* -5.39 41.1 87.9° 0.037 1.51

8.08x10-* -5.09 37.0 82.8° 0.125 4.64

1.62x1 O’5 -4.79 32.6 74.6° 0.266 8.66

3.24x10-* -4.49 28.4 63.1° 0.452 12.85

6.48x10-* -4.19 24.5 45.5° 0.701 17.17

1.30x10-* -3.89 22.0 24.7° 0.909 19.99

2.60x1 O'4 -3.59 21.8 16.6° 0.958 20.89

5.20x10"4 -3.28 21.7 11.5° 0.980 21.26

1.04x10-* -2.98 21.6 o
> * 0 0.994 21.47
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Table B-29. Surface Tension, Contact Angle and Adhesion Tension of 

Mixtures of L77 and C2,6P on Polyethylene Substrate

(<xL 7 7  = 0.025, C2,6P% wt.=91.6%)

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C(M) LogC Yuk.(mN/m) e COS6 YxaCos6

9.20x1 O'® -4.04 49.9 95.2° -0.091 -4.52

1.84x1 O'* -3.74 45.3 94.4° -0.077 -3.48

3.68x10'* -3.43 40.6 8 8 .1 ° 0.033 1.35

7.36x1 O' 4 -3.13 36.1 79.6° 0.181 6.52

1.47X10*3 -2.83 31.5 67.6° 0.381 1 2 . 0 0

2.94x10*3 -2.53 26.5 50.8° 0.632 16.75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



228

Table B-30. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C2,6P on Polyethylene Substrate

(a L77 = 0.096, C2,6P%wt.=72.6%)

(In Phosphate Buffer Solution, pH«7.00,25 °C)

C(M) LogC Yia ( * N /* ) e COS9 YxaCOsO

1.06x1 O'5 -4.97 50.6 94.1° -0.071 -3.62

2.12x10 s -4.67 46.2 89.2° 0.014 0.65

4.24x10* -4.37 42.2 82.9° 0.124 5.22

8.48x10* -4.07 37.6 75.2° 0.255 9.60

1.70x1 O'4 -3.77 32.9 63.3° 0.449 14.78

3.40x1 O'4 -3.47 28.9 49.5° 0.649 18.77

6.80x10"* -3.17 24.5 30.2° 0.864 21.17

1.36x1 O'3 -2.87 23.8 24.9° 0.907 21.59

2.72x10*3 -2.57 23.4 19.1° 0.945 22.11
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Table B-31. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C2,6P on Polyethylene Substrate

(a L77 =  9.220, C2,6P%wt.=49.9%)

(In Phoophato Buffer Solution, pH*7.00,25 °C)

C(M) LogC YxaIuH /b ) e cose YxaCosO

1.01x10-* -5.00 47.1 93.8° -0.066 -3.12

2.02x10* -4.69 42.3 87.1° 0.051 2.14

4.04x10* -4.39 37.8 79.5° 0.182 6.89

8.08x10* -4.09 33.2 68.2° 0.371 12.33

1.62x1 O'4 -3.79 29.2 53.6° 0.593 17.33

3.24x10-* -3.49 24.9 39.8° 0.768 19.13

6.48x10-* -3.19 23.4 28.4° 0.880 20.58

1.30x10-* -2.89 23.0 18.4° 0.949 21.82

2.60x10*3 -2.59 22.7 14.6° 0.968 21.97
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Table B-32. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C2,6P on Polyethylene Substrate

( a L77 = 0.381, C2,6P%wt-=3i.4%)

(In Phonphate Buffer Solution, pH>7.00,2S °C)

C(M) LogC Ylx ( m N / a ) e co«e YxaC o s O

4.42x10"6 -5.35 47.9 94.6° -0.080 -3.84

8.82x1 O'6 -5.05 43.5 93.5° -0.C61 -2.66

1.76x10-* -4.75 39.6 86.5° 0.061 2.42

3.52x10** -4.45 35.1 72.3° 0.304 10.67

7.04x10* -4.15 30.8 53.6° 0.593 18.28

1.41x10^ -3.85 26.6 35.8° 0.811 21.57

2.82x10"* -3.55 22.5 21.8° 0.928 20.89

5.64x10"* -3.25 22.3 16.2° 0.960 21.41

1.13x10-* -2.95 22.1 00 0.988 21.84

2.26x10** -2.65 22.1 5.9° 0.995 21.98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



231

Table B-33. Surface Tension, Contact Angle and Adhesion Tension of 

Mixtures of L77 and C2,6P on Polyethylene Substrate

«XL 7 7  = 0.501, C2,6P%wt.=21.9%)

(In Phoaphate Buffer Solution, pH»7.00,25 °C)

C(M ) LogC Yla (m N /m ) 0 CO80 Yi a C o s G

2.81x10-® -5.55 47.6 94.6° •0.080 -3.82

5.62x10-* -5.25 43.3 94.3° -0.075 -3.25

1 .1 2 x1 0  s -4.95 39.2 91.2° -0 . 0 2 1 -0.82

2.24x10-* -4.65 34.8 81.6° 0.146 5.08

4.48x10* -4.35 30.7 69.5° 0.350 10.75

8.96x10* -4.05 26.9 52.4° 0.610 16.41

1.81x10“* -3.74 23.6 32.3° 0.845 19.95

3.62x10“* -3.44 22.3 2 2 .6 ° 0.923 20.59

7.28x1 O'4 -3.14 2 2 . 2 18.2° 0.950 21.09

1.46x10"* -2.84 2 2 . 1 12.4° 0.977 21.58

2.92x10“* -2.53 2 2 . 0

o<oh- 0.991 21.81
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Table B-34. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C2,6P on Polyethylene Substrate

«XL77 = 0.651, C2,6P%wt.=13.1%)

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C (M ) LogC Yi a  (m N /m ) 0 cose Yia C o s O

2.06x10'* -5 69 47.1 95.4° -0.094 -4.43

4.11x10-* -5.39 43.2 93.3° -0.058 -2.49

8 .2 2 x1 0 -* -5.09 38.6 89.4° 0 . 0 1 0 0.40

1.64x1 O'* -4.79 35.1 81.5° 0.148 5.19

3.28x10'* -4.48 31.1 71.5° 0.317 9.87

6.56x1 O'* -4.18 26.4 55.2° 0.571 15.07

1.31x10“* -3.88 23.3 25.4° 0.903 21.05

2.64x1 O' 4 -3.58 2 2 . 2 22.5° 0.924 20.51

5.28x1 O'* -3.28 21.9 15.6° 0.963 21.09

1.06x1 O' 3 -2.97 2 1 . 8 8 .6 ° 0.989 21.55

2 .1 2 x1 0 ' 3 -2.67 21.9 7.6° 0.991 21.71
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Table B-35. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C2,6P on Polyethylene Substrate

( a L77 = 0.825, C2,6P%wt.=5.6%)

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C(M) LogC Yu (b M /b ) e COS6 YiaCosO

1.66x1 O'* -5.78 47.2 95.8° -0 . 1 0 1 -4.77

3.32x1 O'* -5.48 42.9 92.1° -0.037 -1.57

6.64x10-* -5.18 38.4 8 6 .2 ° 0.066 2.54

1.33x1 O' 5 -4.88 34.7 78.1° 0.206 7.16

2.66x1 O' 5 -4.58 30.5 6 6 .6 ° 0.397 1 2 . 1 1

5.32x10 s -4.27 25.8 48.5° 0.663 17.10

1.06x10“* -3.97 23.1 30.7° 0.860 19.86

2 .1 2 x1 0 “* -3.67 2 1 . 8 23.5° 0.917 19.99

4.24x10“* -3.37 21.5 18.6° 0.948 20.38

8.48x10“* -3.07 21.4 14.8° 0.967 20.69

1.70x1 O' 3 -2.77 21.3 9.4° 0.987 2 1 . 0 1

3.40x1 O' 3 -2.47 21.3 6 .6 ° 0.993 21.16
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Table B-36. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C8P on Polyethylene Substrate

(a L77 = 0.085, C8P%wt=75.2%)

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C (M ) LogC Yla (mN/m) 6 COS6
1

YlxCOsO

2.58x1 O' 5 -4.59 53.2 94.3° -0.075 -3.99

5.16x10 s -4 29 47.3 93.8° -0.066 -3.13

1.03x1 O'4 -3.99 41.5 90.8° -0.014 -0.58

2.06x10"* -3.69 36.2 83.7° 0 . 1 1 0 3.97

4.12x10"* -3.39 31.4 72.3° 0.304 9.55

8.24x10"* -3.08 26.4 55.7° 0.564 14.88

1.65X10"3 -2.78 25.2 40.5° 0.760 19.16

3.30x10"3 -2.48 24.5 36.1° 0.808 19.80

5.16x10*3 -2.29 24.5 35.4° 0.815 19.97
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Table B-37. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C8P on Polyethylene Substrate

(a L77 = 0.222, C8P%wt=49.7%)

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C (M ) LogC Yla (m N /m ) e COSO Yia C O s O

8.60x1 O'® *5.07 50.4 93.9° •0.068 -3.43

1.72x1 O' 5 -4.76 45.2 92.8° -0.049 -2 . 2 1

3.44x1 O' 5 -4.46 40.3 8 8 .2 ° 0.031 1.27

6.88x1 O' 5 -4.16 35.2 78.8° 0.194 6.84

1.62x1 O'* -3.79 29.6 63.3° 0.449 13.30

3.24x1 O’4 -3.49 26.2 45.7° 0.698 18.30

6.48x1 O'4 -3.19 24.2 34.1° 0.828 20.04

1.30x1 O' 3 -2.89 23.8 28.3° 0.880 20.96

2.60x10*3 -2.59 23.8 23.9° 0.914 21.76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



236

Table B-38. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C8P on Polyethylene Substrate

( a L 77 =  0.375, C8P% wt=31.9%  )

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C (M ) LogC YutOeN/m) e cose YxaCOsO

6.92x1 O'6 -5.16 44.9 95.5° -0.096 -4.30

1.38x10‘5 -4.86 39.5 92.1° -0.037 -1.45

2.76x10 5 -4.56 35.1 83.6° 0.111 3.91

5.52x1 O'5 -4.26 30.9 72.9° 0.294 9.09

1.10x10** -3.96 26.6 57.5° 0.537 14.29

2.20x1 O'4 -3.66 23.9 38.1° 0.787 18.81

4.40x1 O'4 -3.36 23.5 20.5° 0.937 22.01

7.94x10** -3.10 23.3 17.2° 0.955 22.26

1.38X10-3 -2.86 23.3 14.5° 0.968 22.56
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Table B-39. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C 8 P on Polyethylene Substrate

(<Xlt7 = 0.535, C8P%wt=19.7%)

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C (M ) LogC Yla (mN/m) e COS0 YiaCOsG

3.84x1 O'6 -5.42 46.1 94.1° -0.071 -3.30

7.68x1 O’6 -5.11 41.6 92.8° -0.049 -2.03

1.54x1 O'5 -4.81 36.8 85.5° 0.078 2.89

3.08x1 O'5 -4.51 32.1 76.4° 0.235 7.55

5.86x1 O'5 -4.23 27.6 64.3° 0.434 11.97

9.84x1 O'5 -4.01 25.1 51.6° 0.621 15.59

1.85x10"* -3.73 22.8 32.5° 0.843 19.23

3.70x10"* -3.43 22.3 25.4° 0.903 20.14

7.40x10"* -3.13 22.2 21.8° 0.928 20.61

1.28x1 O'3 -2.89 22.2 20.1° 0.939 20.85 I
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Table B-40. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C 8 P on Polyethylene Substrate

«XL 7 7  = 0.660, C8P%wt=12.7%)

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C (M) LogC Yi a (« N /® > e cose Yia CO s O

3.04X10-6 -5.52 45.8 96.6° -0.115 -5.26

5.88x10-* -5.23 41.5 91.5° -0.026 -1.09

1.18x10 s -4.93 36.9 84.6° 0.094 3.47

2.36x10-* -4.63 32.6 76.6° 0.232 7.56

4.72x10* -4.33 28.3 64.4° 0.432 12.23

9.44x10* -4.03 24.5 47.6° 0.674 16.52

1.87x1 O'4 -3.73 22.8 27.4° 0.888 20.24

3.78x1 O'4 -3.42 21.9 17.8° 0.952 20.85

7.56x10"4 -3.12 21.8 14.1° 0.970 21.14

1.51X10*3 -2.82 21.8 8.6° 0.989 21.55
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Table B-41. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C8P on Polyethylene Substrate

( a L77 *  0.791, C8P%wt=6.9%)

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C(M ) LogC Yi*(®H/a) e cose YiaCOsO

2.92x10* -5.53 44.2 94.3° -0.075 -3.31

5.84x10* -5.23 39.9 88.1° 0.033 1.32

1.17x10* -4.93 35.4 80.6° 0.163 5.78

2.34x10* -4.63 31.0 70.5° 0.334 10.35

4.68x10* -4.33 27.0 56.8° 0.548 14.78

9.36x10* -4.03 23.0 38.9° 0.778 17.90

1.88x10* -3.73 22.3 25.5° 0.903 20.13

3.76x10* -3.42 21.7 17.8° 0.952 20.66

7.52x10* -3.12 21.7 13.2° 0.974 21.13

1.50x10* -2.82 21.7 7.4° 0.992 21.52
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Table B-42. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C8P on Polyethylene Substrate

( a L 7 7  = 0.906, C8P%wt=2.8%)

(In Phosphate Buffer Solution, pH»7.00,25 °C)

C(M ) LogC Yla (m N /m ) 0 COS0 YzaCo s G

1.95*1 O'6 -5.71 45.0 95.2° -0.091 -4.08

3.90*1 O’® -541 40.6 89.8° 0.003 0.14

7.80*1 O'6 -5.11 36.6 82.7° 0.127 4.65

1.56*1 O'5 -4.81 32.1 74.4° 0.269 8.63

3.12*1 O'5 -4.51 28.0 62.8° 0.457 12.80

6.24* 10‘5 -4.20 24.2 44.6° 0.712 17.23

1.25*1 O'4 -3.90 21.9 22.6° 0.923 20.22

2.50x10"* -360 21.7 15.4° 0.964 20.92

5.00x10"* -3.30 21.6 12.3° 0.977 21.10

1.00x10° -3.00 21.6 7.2° 0.992 21.43
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Table B-43. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and CIOP on Polyethylene Substrate

(<Xl77 = 0.077, C10P%wt=79.4%)

(In Phoaphate Buffer Solution, pH*7.00, 25 °C)

C (M ) LogC Y i a  (m N /m ) 6 cose YlaCo s O

1.61x1 O'5 -4.79 50.3 95 . 7° -0.099 -5.00

2.42x1 O'5 -4.62 46.8 93.1° -0.054 -2.53

3.62x10‘5 -4.44 42.9 89.0° 0.017 0.75

5.43x1 O'5 -4.27 39.5 83.1° 0.120 4.75

8.15x10 s -4.09 35.8 75.8° 0.245 8.78

1.22x10"* -3.91 32.4 67.1° 0.389 12.61

1.83x10"* -3.74 28.8 57.5° 0.537 15.47

3.20x10"* -3.49 25.7 52.2° 0.613 15.75

4.80x10"* -3.32 25.5 51.2° 0.627 15.98
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Table B-44. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and CiOP on Polyethylene Substrate

(CXL77 = 0.186, C10P%wt=58.4%)

(In Phosphate Buffer Solution, pH=7.00,25 °C)

C(M) LogC 6 cose YjaCosG

6.60x10-® -5.18 49.7 96.7° -0.117 -5.80

1.18x10-* -4 93 45.2 96.2° -0.108 -4.88

1.98x10-* -4.70 41.0 90.5° -0.009 -0.36

3.34x10* -4.48 36.8 84.4° 0.098 3.59

5.12x10* -4.29 33.3 76.2° 0.239 7.94

9.00x10-* -4.05 28.6 64.3° 0.434 12.40

1.66x10“* -3.78 25.2 50.4° 0.637 16.06

3.30x10“* -3.48 24.2 44.5° 0.713 17.26

6.31x10“* -3.20 24.2 43.6° 0.724 17.52
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Table B-45. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C10P on Polyethylene Substrate

( a L77 = 0.307, C10P%wt=42.0%)

(In Phosphate Buffer Solution, pH=7.00,25 °C)

C (M ) LogC Y l a  ( m N /m ) 0 COS0 Yz a C O s O

7.13x10* -5.15 45.7 96.5° -0.113 -5.17

1.43x10* -4.84 40.6 90.2° -0.003 -0.14

2.86x10* -4.54 35.3 81.4° 0.150 5.28

5.72x10* -4.24 30.6 69.3° 0.353 10.82

1.14x10* -3.94 26.2 55.5° 0.566 14.84

1.88x10* -3.73 23.6 40.2° 0.764 18.03

3.46x10* -3.46 23.5 37.5° 0.793 18.64

5.72x10* -3.24 23.4 37.3° 0.795 18.61
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Table B-46. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C10P on Polyethylene Substrate

(<Xl77 = 0.435, C 10P% wt=29.5%)

(In Phosphate Buffer Solution, pHs7.00, 25 °C)

C(M) LogC Yuk.(mN/m) e cose YiaCosO

4.01x10-* -540 46.6 96.2° -0.108 -5.03

8.02x10-* -5.10 41.9 93.3° -0.058 -2.41

1.60x1 O'5 -4.80 37.0 85.4° 0.080 2.97

3.20x105 -4.49 32.3 75.6° 0.249 8.03

6.40x10'* -4.19 27.6 61.8° 0.473 13.04

1.08x1 O'4 -3.97 24.1 48.7° 0.660 15.91

2.00x1 O'4 -3.70 23.1 35.4° 0.815 18.83

3.00x10"* -3.52 23.0 34.1° 0.828 19.05

4.00x10"* -3.40 22.9 32.8° 0.841 19.25
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Table B-47. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C10P on Polyethylene Substrate

(a L77 = 0.575, C I0P% w t=l9.2% )

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C (M ) LogC 7 u  (mN/m) e cose Y i a C O s O

3 . 1 2 X 1 0 - 6 -5.51 46.1 96.8° -0.118 -5.46

6.24x1 O'6 -5.20 41.7 91.8° -0.031 -1.31

1.25x1 O'5 -4.90 37.2 84.7° 0.092 3.44

2.50x1 O'5 -4.60 32.8 75.6° 0.249 8.16

5.00x1 O'5 -4.30 28.5 63.2° 0.451 12.85

8.00x10‘5 -4.10 25.7 52.8° 0.605 15.54

1.60x10"* -3.80 23.3 34.5° 0.824 19.20

3.20x10"* -3.49 22.8 30.8° 0.859 19.58

6.40x10"* -3.19 22.7 29.5° 0.870 19.76
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Table B-48. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C10P on Polyethylene Substrate

( a L77 = 0.707, C10P% w t=ll.8% )

(In Phosphate Buffer Solution, pH*7.00,25 °C)

C(M) LogC Yia  (bN /b ) e COS6 YxaCosO

3.02*10'® -5.52 44.2 95.6° •0.098 -4.31

6.04x10-® -5.22 39.8 89.7° 0.005 0.21

1.21x10 s •4.92 35.5 82.3° 0.134 4.76

2.42x1 O'5 -4.62 31.1 72.5° 0.301 9.35

4.84x10'5 -4.32 27.2 60.7° 0.489 13.31

9.68x10'5 -4.01 23.0 40.8° 0.757 17.41

1.94x10“* -3.71 22.3 27.6° 0.886 19.76

3.88x10“* -3.41 22.5 25.5° 0.903 20.31

7.76x10“* -3.11 22.4 24.2° 0.912 20.43
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Table B-49. Surface Tension, Contact Angle and Adhesion Tension of

Mixtures of L77 and C10P on Polyethylene Substrate

(CXl77 =  0.867, C10P%wt=4.7%)

(In Phoaphato Buffer Solution, pH*7.00,25 °C)

C(M) LogC YiA(mH/a) e COS0 YlaCOsO

2.12x10* -5.67 44.8 95.4° -0.094 -4 22

4.24x10* -5.37 40.4 90.5° •0.009 -0.35

8.48x10* -5.07 36.3 83.4° 0.115 4.17

1.70x10* -4.77 31.8 74.8° 0.262 8.34

3.40x10* -4.47 27.8 62.4° 0.463 12.88

6.80x10* -4.17 24.1 45.7° 0.698 16.83

1.20x10* -3.92 21.9 24.4° 0.911 19.94

2.40x10* -3.62 21.9 20.7° 0.935 20.49

4.80x10* -3.32 21.9 18.5° 0.948 20.77
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Table B-50. Adsorption of Mixtures of L77 and C4P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a L77 = 0.034 
Specific area of the polyethylene power, S=0.360 m2/g

Cm. Total
(M)

Cm.L77
(M)

Cm.C4P
(M)

Powder
(g)

C*q.L77
(M)

Ads. L77 
(mol/cm2)

5.00x1 O'5 1.70x10"® 4.83x10"5 0.4985 6.50x10"* 3.60x10"11

1.00x10“* 3.40x10"® 9.66x10"* 0.5126 2.25x10"7 6.90x10”

1.75x10"* 5.95x10"® 1.69X10"4 0.5012 1.25x10"® 1.04x10"1°

2.50x10“* 8.50x10"® 2.42x10"4 0.4998 3.33x10"* 1.15x10"10

4.00x10“* 1.36x10"* 3.86x10“* 0.5146 7.48x10"* 1.32x10"10

7.50x10"4 2.55x10"5 7.25x10"4 0.5004 1.84x10"* 1.59x10"10

1.00x10"3 3.40x10"5 9.66x10"4 0.4895 2.62x10"* 1.78x10"10

1.50x10‘3 5.10x10"5 1.45x10"3 0.5205 4.18x10* 1.96x10"10

2.00x10"3 6.80x10"* 1.93x10"3 0.5007 5.82x10"* 2.18x10"’°

C,q. C4P
(M)

Ads. C4P
(mol/cm2)

I.ro

Ads. Total
(mol/cm2) Ctt77 (eg*) 

(bulk soln.)
Xlt? (eq.) 

(ads. layer)

4.62x10"* 4.60x10” 4.63x10"* 8.20x10” 0.001 0.440

9.42x10'* 5.30x10'” 9.44x10"* 1.22x10-’° 0.002 0.566

1.66x10"4 6.90x10” 1.67x10“* 1.73x10"’° 0.007 0.603

2.38x10“* 7.60x10"” 2.41 xIO"4 1.91x10“’° 0.014 0.603

3.83x10“* 8.40x10” 3.90x10“* 2.16x10"’° 0.019 0.613

7.21x10“* 8.50x10” 7.39x10“* 2.43x10"’° 0.025 0.653

9.62x10"4 8.60x10” 9.88x10“* 2.63x10"’° 0.026 0.675

1.44x10"* 8.70x10” 1.49x10'3 2.83x10"’° 0.028 0.694

1.93x10"3 8.80x10” 1.99x10'3 3.06x10"’° 0.029 0.712
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Table B-51. Adsorption of Mixtures of L77 and C4P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial aL7? = 0.137 
Specific area of the polyethylene power, S=0.360 m2/g

C ini. Total
(M)

Cm!. L77 
(M)

CW.C4P
(M)

Powder
(g)

C*q.L77
(M)

Ads. L77 
(mol/cm2)

2.00x10-* 2.74x10“* 1.73x10'* 0.5012 8.30x1 O'7 4.20x10'”

5.00x1 O'* 6.85x10“* 4.32x10* 0.5223 3.50x10“* 7.10x10”

7.50x10'* 1.03x10'* 6.47x10* 0.4986 5.58x10“* 1.05x1 O'10

1.00x10“* 1.37x10'* 8.63x10'* 0.5004 8.05x10-* 1.25x1 O'10

1.50x1 O'4 2.06x10'* 1.29x1 O'4 0.5125 1.28x10'* 1.69x1 O'10

2.00x1 O'4 2.74x10'* 1.73x1 O'4 0.4896 1.91x10'* 1.89x1 O'10

2.50x1 O'4 3.43x10* 2.16X10-4 0.5200 2.43x10'* 2.13x1 O'10

3.00x1 O'4 4.11x10'* 2.59x1 O'4 0.5147 3.02x10'* 2.34x1 O'10

3.50x10“* 4.80x10'* 3.02x1 O'4 0.4873 3.69x10'* 2.51x1 O'10

Cm, C4P
(M)

Ads. C4P
(mol/cm2)

Cgq. Total
(M)

Ads. Total
(mol/cm2)

a L7r(eq.) 
(bulk soln.)

X<.7r(eq.)
(ads. laysr)

1.65x10* 1.70x10” 1.73x10* 5.90x10“” 0.048 0.717

4.21x10* 2.30x10“” 4.56x10“* 9.40x10“” 0.077 0.761

6.34x10'* 3.10x10“” 6.89x10“* 1.36x10“1° 0.081 0.774

8.47x10* 3.50x10“” 9.28x10* 1.60x10“10 0.087 0.782

1.27x1 O'4 4.80x10“” 1.40x10“* 2.17x10“10 0.091 0.780

1.70x1 O'4 5.50x10” 1.89x1c4 2.45x1 O'10 0.101 0.775

2.13x10“* 6.50x10“” 2.37x1 O'4 2.78x10“10 0.103 0.765

2.55x1 O'4 7.60x10“” 2.86x1 O'4 3.10x10“to 0.106 0.757

2.98x1 O'4 8.40x10“” 3.35x1 O'4 3.35x10“10 0.110 0.751
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Table B-52. Adsorption of Mixtures of L77 and C4P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a L77 = 0.243 
Specific area of the polyethylene power, S=0.360 m2/g

Cini. Total 
<M)

Cim. L77 
(M)

Cm.C4P
(M)

Powder
(g)

Cm. 1-77
(M)

Ads. L77
(mol/cm2)

2.00x1 O'5 4.86x10“* 1.51x10'* 0.4986 2.60x1 O'7 1.02x1 O'10

3.00x10-* 7.29x10-* 2.27x10'* 0.4900 6.15x1 O’7 1.51x10'10

4.00x10"* 9.72x10-* 3.03x10'* 0.5014 1.12x10-* 1.91x10-’°

5.00x1 O'* 1.22x10'* 3.79x10'* 0.5247 1.50x10-* 2.25x10'’°

6.00x10-* 1.46x10'* 4.54x10'* 0.4862 3.23x10“* 2.59x10'’°

7.50x10-* 1.82x10'* 5.68x10* 0.4972 5.60x10-* 2.81x10'’°

I.OOxlO-4 2.43x10* 7.57x10'* 0.5183 1.05x10'* 2.94x10'’°

2.00x10-4 4.86x10* 1.51X10"4 0.5005 3.51x10'* 3.00x10’°

3.00x1 O'4 7.29x10-* 2.27x1 O'4 0.5123 5.90x10'* 3.01x10-’°

C«q. C4P
<M)

Ads. C4P
(mol/cm2)

C,q. Total
<M)

Ads. Total
(mol/cm2)

a L7r(eq.)
(bulk soln.)

Xur(U|.) 
(ads. layer)

1.17x10'* 7.70x10-" 1.20x10"* 1.79x1 O'10 0.022 0.571

1.90x10'* 8.40x10-11 1.96x10* 2.35x10'’° 0.031 0.643

2.65x10'* 8.50x10-" 2.76x10* 2.76x10"’° 0.041 0.692

3.38x10"* 8.60x10-" 3.53x10“* 3.11x10-’° 0.042 0.724

4.16x10'* 8.70x10" 4.49x10* 3.46x10'’° 0.072 0.749

5.29x10"* 8.80x10-" 5.85x10'* 3.69x10"’° 0.096 0.764

7.16x10* 8.90x10“" 8.21x10* 3.83x10'’° 0.128 0.772

1.47x10-* 9.00x10" 1.82x10-* 3.90x10’° 0.193 0.767

2.23x10-* 9.10x10'" 2.82x10-* 3.92x10"’° 0.209 0.768
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Table B-53. Adsorption of Mixtures of L77 and C4P
on the Powdered Polyethylene

Volume of solution = 40.00 mL. Fixed initial aL77  = 0.353 
Specific area of the polyethylene power, S=0.360 m2/g

C)ni. Total 
(M)

c w L77
(M)

Cinl. C4P 
(M)

Powder
<01

C#q.L77
(M)

Ads. L77 
(mol/cm2)

1.20x10'* 4.24x10-* 7.76x10-* 0.5124 1.40x10'7 8.90x10"

2.40x10-* 8.50x1 O'* 1.55x10'* 0.5006 4.00x1 O'7 1.80x1 O'10

3.00x10'* 1.06x10'* 1.94x10'* 0.4995 9.00x1 O'7 2.16x10'1°

4.00x10'* 1.41x10'* 2.59x10'* 0.5007 2.50x10'* 2.59x1 O'10

5.00x10'* 1.77x10'* 3.23x10'* 0.5101 5.20x10'* 2.71x10'10

7.50x10'* 2.65x10'* 4.85x10'* 0.5007 1.38x10'* 2.82x1 O'10

1.00x1 O'4 3.53x10'* 6.47x10'* 0.4925 2.27x10'* 2.84x10'10

1.50x1 O'4 5.30x10'* 9.70x10'* 0.4987 4.01x10'* 2.87x10 10

2.00x1 O'4 7.10x10'* 1.29X10"4 0.5114 5.74x10'* 2.87x1 O'10

C*q. C4P 
(M)

Ada. C4P
(mol/cm2)

Caq. Total
(M)

Ads. Total
(mol/cm2) Ctl77(W|.) 

(bulk soln.)
Xt.77 (eq.) 

(ads. layar)

5.46x10-* 5.00x10'" 5.60x10“* 1.39x1 O'10 0.024 0.640
1.30x10'* 5.70x10" 1.34x10'* 2.37x1 O'10 0.028 0.759
1.67x10'* 6.00x10" 1.76x10'* 2.76x1 O'10 0.051 0.782
2.30x10* 6.30x10'" 2.55x10* 3.22x1 O'10 0.097 0.803

2.93x10'* 6.80x10" 3.45x10'* 3.38x1 O'10 0.152 0.800

4.53x10'* 7.20x10'" 5.91x10'* 3.53x10'1° 0.233 0.797

6.14x10* 7.60x10" 8.41x10* 3.59x10 10 0.270 0.790
9.36x10* 7.70x10" 1.34x1 O'4 3.65x1 O'10 0.300 0.788

1.26x10“* 8.00x10'" 1.83x10“* 3.68x10"10 0.313 0.781
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Table B-54. Adsorption of Mixtures of L77 and C4P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial aL77 = 0.503 
Specific area of the polyethylene power, S-0.360 m2/g

Cb* Total
(M)

Chu. L77 
(M)

Cw. C4P
<M)

Powder
(fl)

C*q.L77
(M)

Ads. L77 
(mol/cm3)

1.00x1 O’5 5.03x10-* 4.97x10-* 0.5006 5.80x10'7 9.90x10'"

1.50x10-* 7.55x10-* 7.45x10-* 0.4987 9.45x10'7 1.47x1 O'10

2.00x10-* 1.01x10'* 9.90x10-* 0.5142 1.44x10** 1.86x1 O'10

2.50x10'* 1.26x10'* 1.24x10“* 0.5000 2.43x10'* 2.25x1 O'10

5.00x10'* 2.52x10* 2.48x10'* 0.5045 1.29x10"* 2.71x1 O'10

7.50x10'* 3.77x10'* 3.73x10* 0.4975 2.51x10'* 2.83x1 O'10

1.00x1 O'4 5.03x10'* 4.97x10'* 0.5125 3.73x10'* 2.81x1 O'10

1.50x10"* 7.55x10'* 7.45x10'* 0.5004 6.28x10* 2.85x1 O'10

2.00x10"* 1.01x10"* 9.90x10'* 0.5015 8.76x10* 2.87x1 O'10

C*q.C4P
(M)

Ads. C4P
(mol/cm3)

Caq. Total
(M)

Ads. Total
(mol/cm3)

CtL77(sq.)
(bulk soln.)

XL77 (eq.) 
(ads. layar)

4.52x10"* 1.00x10" 5.10x10-* 1.09x10'10 0.114 0.907

6.78x10-* 1.50x10" 7.73x10-* 1.62x1 O'10 0.122 0.907

9.07x10-* 1.90x10" 1.05x10'* 2.05x1 O'10 0.137 0.908
1.15x10'* 2.10x10'" 1.39x10* 2.46x1 O'10 0.174 0.916
2.38x10'* 2.40x10'" 3.66x10* 2.95x1 O'10 0.351 0.920

3.61x10'* 2.70x10" 6.11x10* 3.10x1 O'10 0.410 0.912

4.82x10'* 3.30x10'" 8.55x10* 3.14x10'10 0.437 0.895
7.29x10'* 3.60x10" 1.36x10"* 3.21x1 O'10 0.462 0.888

9.74x10'* 3.90x10" 1.85x10"* 3.26x1 O'10 0.473 0.879
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Table B-55. Adsorption of Mixtures of L77 and C4P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial ott.77 = 0.634 
Specific area of the polyethylene power, S-0.360 m2/g

Cm. Total
<M)

Cm.L77
<M)

C«.C4P Powder
(g)

C„.L77
(M)

Ads. L77 
(mol/cm2)

1 .0 0 x1 O’* 6.34x1 O'* 3.66x10-* 0.4985 1.74x10"* 1.03x1 O' 10

2 .0 0 x1 0 “* 1.27x10'* 7.33x10-* 0.5016 4.08x10"* 1.91x10'’°

3.00x1 O' 5 1.90x1 O'* 1 .1 0 x1 0 '* 0.5203 8 .0 0 x1 0 -* 2.35x1 O' 10

4.00x10* 5 2.54x10'* 1.46x10* 0.5113 1.36x10'* 2.56x1 O' 10

5.00x10'* 3.17x10'* 1.83x10'* 0.5007 1.98x10* 2.65x1 O' 10

7.50x10-* 4.75x10'* 2.75x10“* 0.4983 3.51x10'* 2.78x1 O' 10

1 .0 0 x1 0 “* 6.34x10* 3.66x10'* 0.4975 5.09x10'* 2.80x1 O' 10

1.50x10“* 9.51x10'* 5.49x10“* 0.5064 8  2 2 x1 0 '* 2.83x1 O' 10

2.00x1 O' 4 1.27x10“* 7.30x10'* 0.5047 1.14x10“* 2.84x10"’°

C«.C4P
(M)

Ads. C4P
(mol/cm2)

C«q. Total 
<M)

Ads. Total
(mol/cm2)

a t77(«q.) 
(bulk soln.)

X l77 (eg.) 
(ads. layer)

3.41x10“* 6.00x1 O' 12 5.15x10-* 1.08x10“10 0.338 0.948

7.00x10“* 7.00x10“ 12 1 .1 1 x1 0 “* 1.98x10“’° 0.368 0.964

1.06x10“* 8 .0 0 x1 0 “ 12 1 .8 6 x1 0 “* 2.43x10“’° 0.430 0.967

1.42x10'* 1 .0 0 x1 0 “" 2.78x10“* 2 .6 6 x1 0 “’° 0.489 0.963

1.78x10'* 1 .1 0 x1 0 “" 3.76x10“* 2.76x10“’° 0.526 0.962

2.69x10'* 1 .2 0 x1 0 “" 6 .2 0 x1 0 * 2.92x10“’° 0.566 0.960

3.60x10'* 1.30x10“" 8.69x10-* 2.96x10“’° 0.585 0.956

5.43x10'* 1.40x10“" 1.36x10“* 2.98x10“’° 0.602 0.954

7.26x10* 1.40x10“" 1 .8 6 x1 0 “* 2.98x10“’° 0.611 0.953

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



254

Table B-56. Adsorption of Mixtures of L77 and C4P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial aL77 = 0.819 
Specific area of the polyethylene power, S=0.360 m2/g

Cm . Total
(Ml

Cm. L77 
(M)

Cm.C4P
(Ml

Powder
(g)

C«q.L77
(M)

Ads. L77 
(mol/cm3)

7.50x10-* 6.14x10“* 1.36x10-* 0.5102 2.25x10“* 8.40x10“11

1 .0 0 x1 0 -* 8.19x10-* 1.81x10-* 0.5006 3.09x10“* 1.13x10'’°

1.50x10-* 1.23x1 O'* 2.70x10-* 0.4974 4.74x10-* 1 .6 8 x1 0 -’°

3.00x10'* 2.46x10-* 5.40x10“* 0.4995 1.43x10'* 2.28x10“’°

5.00x10'* 4.10x10“* 9.00x10** 0.5100 2.90x10'* 2.60x10“’°

7.50x10'* 6.14x10 s 1.36x10“* 0.5005 4.93x10* 2.69x10“’°

1 .0 0 x1 O' 4 8.19x10“* 1.81x10“* 0.5112 6.95x10'* 2.70x10“'°

1.25x10“* 1 .0 2 x1 0 “* 2.30x10-* 0.4987 9.01x10'* 2.70x10“’°

1.50x10“* 1.23x10“* 2.70x10'* 0.5061 1 .1 0 x1 0 “* 2.74x10“’°

C*q.C4P
(M)

Ads. C4P
(mol/cm2)

C«q. Total
(M)

Ads. Total
(mol/cm2)

Ctur (eq.) 
(bulk soln.)

Xtrr (eq.) 
(ads. layer)

1 .2 0 x1 0 -* 4.00x1 0 “ 3.45x10"* 8.80x10“11 0.654 0.960

1.57x10“* 5.00x10“« 4.66x10** 1.18x10“’° 0.663 0.955

2.42x10“* 5.00x10““ 7.16x10“* 1.73x10“’° 0.662 0.963

5.12x10“* 6 .0 0 x1 0 “ 3 2 1.94x10“* 2.34x1 O' 10 0.736 0.971

8.73x10-* 6 .0 0 x1 0 ““ 3.77x10“* 2 .6 6 x1 0 “’° 0.769 0.974

1.32x10'* 7.00x10“ 1 2 6.26x10“* 2.76x10“’° 0.788 0.973

1.78x10* 7.00x10““ 8.72x10* 2.77x10“’° 0.796 0.973

2.23x10* 8 .0 0 x1 0 ““ 1 .1 2 x1 0 “* 2.78x10“’° 0.802 0.972

2 .6 8 x1 0 * 8 .0 0 x1 0 “ 1.37x10“* 2.82x10“’° 0.805 0.972
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Table B-57. Adsorption of Mixtures of L77 and CHP
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a L77 = 0.067 
Specific area of the polyethylene power, S=0.360 m2/g

Ctni.Total 
<M)

Cm.L77
(M)

Cmc CHP 
<M)

Powder
(g)

C*q.L77
(M)

Ads. L77
(mol/cm2)

2.50x10'5 1.70x1 O'* 2.33x10'* 0.5102 3.40x1 O' 7 2.80x10'"

5.00x10'* 3.30x10-* 4.67x10'* 0.5008 7.50x1 O' 7 5.80x10'"

7.50x10'* 5.00x1 O'* 7.00x10'* 0.4975 1.38x10-* 8 .2 0 x1 0 '"

1 .0 0 x1 O' 4 6.70x10“* 9.33x10* 0.5113 1.78x10-* 1.07x10'10

1.25x1 O' 4 8.30x10-* 1.17X10-4 0.5006 2.25x10-* 1.36x1 O' 10

2.50x1 O' 4 1.70x10-* 2.33x10-* 0.5012 9.10x10-* 1.70x1 O' 10

5.00x1 O' 4 3.30x10's 4.67x10-* 0.4984 2.49x10'* 1.91x10'10

7.50x1 O' 4 5.00x10-* 7.00x10-* 0.5022 4.11x10'* 2.04x1 O' 10

1 .0 0 x1 O' 3 6.70x10'* 9.33x10-* 0.5117 5.74x10'* 2.08x1 O' 10

C^. CHP
<M)

Ads. CHP 
(mol/cm2)

Caq. Total 
(M)

Ads. Total
(mol/cm2)

&L77 (eq.) 
(bulk soln.)

Xi.77(eq.)
(ads. layer)

2.15x10'* 4.10x10'” 2.18x10* 6.90x10'" 0.016 0.416

4.41x10* 5.70x10-” 4.49x10* 1.15x10'*° 0.017 0.505

6.69x10'* 6.90x10'" 6.83x10'* 1.51x10'10 0 . 0 2 0 0.541

8.99x10'* 7.50x10'" 9.16x10'* 1.82x1 O' 10 0.019 0.588

1.13x10"* 7.90x10'" 1.15x10-* 2.15x1 O' 10 0 . 0 2 0 0.633

2.29x10-* 9.00x10" 2.38x10-* 2.60x1 O' 10 0.038 0.654

4.62x10-* 1.03x10 '10 4.87x10-* 2.94x1 O' 10 0.051 0.650

6.95x10-* 1.08x10"to 7.36x10-* 3.12x1 O' 10 0.056 0.654

9.28x10-* 1.15x10-t# 9.85x10-* 3.23x10“10 0.058 0.645
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Table B-58. Adsorption of Mixtures of L77 and CHP
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a L 77 -  0.136 
Specific area of the polyethylene power, S=0.360 m2/g

Cim. Total 
(M)

Cw.L77
(M)

Cw. CHP
(M)

Powder
(g)

C«q.L77
(M)

Ads. L77 
(mol/cm2)

1.25x1 O' 5 1.70x10-* 1.08x10-* 0.4876 2.95x1 O’ 7 3.20x10-”

2.50x10-* 3.40x10-* 2.16x10* 0.4994 7.00x10- 7 6 .0 0 x1 0 ' ”

5.00x10-* 6.80x10-* 4.32x10'* 0.5105 1.65x10-* 1 .1 2 x1 0 ‘ 1°

7.50x10-* 1 .0 2 x1 0 * 6.48x10* 0.5003 2.60x10-* 1.69x1 O' 10

1 .0 0 x1 0 -* 1.36x10"* 8.64x10* 0.5102 4.00x10-* 2.09x10-,Q

2 .0 0 x1 0 “* 2.72x10'* 1.73x10“* 0.5134 1.56x10-* 2.52x10_1°

3.00x10“* 4.08x10-* 2.59x10“* 0.5008 2.90x10-* 2.62x1 O' 10

4.00x10-* 5.44x10'* 3.46x10“* 0.4938 4.24x10"* 2.69x1 O' 10

5.00x10“* 6.80x10-* 4.32x10“* 0.5011 5.58x10* 2.72x10_,°

C«q. CHP
(M)

Ads. CHP
(mol/cm2)

Caq. Total
(M)

Ads. Total
(mol/cm2)

a L77<eq.) 
(bulk soln.)

Xj.77 (eq.) 
(ads. layer)

9.54x10“* 2.90x10"” 9.84x10-* 0.61x10"” 0.030 0.527

1.97x10'* 4.30x10” 2.04x10'* 1.03x10-’° 0.034 0.584

4.03x10"* 6.40x10” 4.20x10* 1.76x10-’° 0.039 0.638

6.15x10'* 7.40x10'” 6.41x10'* 2.43x10-’° 0.041 0.694

8.29x10* 7.70x10“” 8.69x10'* 2 .8 6 x1 0 ' ’° 0.046 0.730

1.69x10“* 8 .2 0 x 1 0 ” 1.85x10-* 3.34x10-’° 0.084 0.755

2.55x10-* 8.60x10” 2.84x10“* 3.48x10’° 0 . 1 0 2 0.753

3.42x10“* 9.10x10"” 3.84x10“* 3.61x10-’° 0 . 1 1 0 0.747

4.28x10“* 9.50x10” 4.84x10“* 3.67x10"’° 0.115 0.741
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Table B-59. Adsorption of Mixtures of L77 and CHP
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial aL77 = 0.285 
Specific area of the polyethylene power, S=0.360 m2/g

Cini. Total 
(M)

Cmi. L77 
(M)

Cun. CHP 
<M)

Powder
(g)

C.,.1-77
(M)

Ads. L77 
(mol/cm2)

5.00x1 O' 6 1.43x10"* 3.57x10* 0.5002 1.85x10"7 2.80x10 '11

1.00x1 O' 5 2.85x10-* 7.15x10** 0.5105 4.25x10‘7 5.30x10"”

2.50x10"* 7.10x10"* 1.79x10"* 0.4984 1.18x10-* 1.33x10-’°

5.00x10-* 1.43x10-* 3.57x10** 0.5122 2.58x10** 2.53x10-’°

I.OOxlO- 4 2.85x10"* 7.15x10'* 0.5003 1.59x10'* 2.81x10’ ’°

1.50x10“* 4.30x10* 1.07x10“* 0.5124 2.94x10** 2.90x10-’°

2 .0 0 x1 0 “* 5.70x10'* 1.43x10“* 0.4875 4.39x10** 3.00x10*’°

2.50x1 O’ 4 7.10x10* 1.79x10“* 0.5116 5.71x10'* 3.07x10'’°

3.00x10- 4 8.55x10* 2.15x10“* 0.5012 7.14x10-* 3.14x10’°

Caq. CHP 
(M)

Ads. CHP
(mol/cm2)

Caq. Total Ads. Total 
(mol/cm2)

(Xl77 (eq.) 
(bulk soln.)

X«.r7  (eg.) 
(ads. layer)

2.34x10"* 2.70x10"” 2.53x10"* 5.50x10" 0.073 0.501

5.13x10-* 4.40x10"” 5.55x10"* 9.70x10” 0.077 0.545

1.53x10"* 5.70x10"” 1.65x10* 1.90x10-’° 0.071 0.700

3.29x10* 6 .2 0 x1 0 ” 3.55x10"* 3.15x10-’° 0.073 0.804

6.85x10* 6.70x10” 8.43x10"* 3.48x10-’° 0.188 0.807

1.04x10“* 7.40x10” 1.33x10“* 3.64x10"’° 0 . 2 2 0 0.798

1.40x10“* 7.90x10"” 1.83x10“* 3.79x10’° 0.239 0.791

1.75x10“* 8.50x10"” 2.32x10“* 3.92x10-’° 0.246 0.783

2 .1 1 x 1 0 “* 8.90x10” 2.82x10“* 4.03x10"’° 0.253 0.780
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Table B-60. Adsorption of Mixtures of L77 and CHP
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a L77 = 0.438 
Specific area of the polyethylene power, S=0.360 m2/g

Cm . Total
(M)

CmfcL77
(M)

CinL CHP 
(M)

Powder
(g)

C«q. L77
<M)

Ads. L77 
(mol/cm2)

5.00x1 0" 2.19x10-* 2.81x10-* 0.5124 1.63x1 O' 7 4.40x1 O'"

1 .0 0 x1 0 ' 5 4.38x10-* 5.62x10-* 0.5006 4.55x1 O' 7 8.70x10-11

1.50x10'* 6.57x10-* 8.43x10-* 0.4989 1 .1 2 x1 0 ** 1.21x1 O' 10

2.00x1 O'* 8.80x10-* 1 .1 2 x1 0 '* 0.5016 1.84x10-* 1.53x10- 10

2.50x1 O'* 1 .1 0 x1 0 -* 1.40x10* 0.5004 2.55x10** 1.87x10-’°

5.00x1 O'* 2.19x1 O'* 2.81x10'* 0.4997 9.75x10-* 2.70x10'’°

1 .0 0 x1 O' 4 4.38x10-* 5.62x10'* 0.5016 2.99x10’* 3.08x10-’°

1.75x1 O'* 7.66x10-* 9.84x10-* 0.4986 6.23x10'* 3.21x10-’°

2.50x10~* 1.10X1Q- 4 1.40x10" 0.5105 9.46x10-* 3.24x10-’°

C«q CHP
(M)

Ads. CHP
(mol/cm2)

C^. Total
(M)

Ads. Total 
(motfcm2) ttu r (•<!•) 

(bulk soln.)
Xtnleq.) 

(ads. layer)

2.26x10-* 1.20x1 O' 11 2.42x10-* 0.56x10’’ 0.067 0.787

4.87x10-* 1.70x10" 5.33x10-* 1.04x10-’° 0.085 0.840

7.31x10-* 2.50x10'" 8.43x10-* 1.46x10-’° 0.133 0.829

9.79x10-* 3.20x10" 1.16x10* 1 .8 6 x1 0 -’° 0.158 0.827

1.24x10'* 3.70x10"" 1.49x10* 2.24x10-’° 0.171 0.834

2.62x10-* 4.20x10’ " 3.60x10* 3.12x10-’° 0.271 0 . 8 6 6

5.42x10-* 4.40x10'" 8.41x10-* 3.52x10-’° 0.356 0.874

9.62x10* 4.90x10'" 1.58x10" 3.70x10’° 0.393 0.867

1.38x1 O'* 5.10x10" 2.33x10" 3.75x10’° 0.407 0.864
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Table B-61. Adsorption of Mixtures of L77 and CHP
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial aL77 = 0.602 
Specific area of the polyethylene power, S=0.360 m2/g

C m . To tal
(M)

C m .L 7 7
(M)

Cm. CHP
(M)

Powder
(g)

C*q.L77
(M)

Ads. L77 
(mol/cm2)

1.25x10-* 7.53x10"* 4.97x10'* 0.4982 9.75x10" 7 1.46x10"10

2.50x10-* 1.51x10"* 9.90x10“* 0.5122 4.88x10"* 2 . 2 1  x1 0 "1°

5.00x10-* 3.01x10“* 1.99x10* 0.5004 1.79x10"* 2.71 x10"1°

7.50x10'* 4.52x10“* 2.98x10-* 0.5146 3.20x10"* 2.84x10"1°

1 .0 0 x1 O' 4 6 .0 2 x 1 0 "* 3.98x10* 0.4945 4.73x10"* 2.90x10"10

1.25x10“* 7.53x10'* 4.97x10"* 0.4962 6 .2 2 x1 0 "* 2.92x10"10

1.50x10“* 9.03x10“* 5.97x10"* 0.5063 7.69x10"* 2.94x10"’°

2 .0 0 x1 0 “* 1 .2 0 x1 0 “* 8 .0 0 x1 0 * 0.5002 1.07x10"* 2.98x10"10

2.50x10-* 1.51x10“* 9.90x10"* 0.5147 1.37x10“* 2.99x1 O' 10

Q.1
^

O

Ads. CHP
(mol/cm2)

Caq. Total
(M)

Ads. Total
(mol/cm2)

CIl77 (eq.) 
(bulk soln.)

Xltt (eg.) 
(ads. layer)

4.67x10"* 7.00x10“ 12 5.65x10“* 1.53x10“ 10 0.173 0.956

9.58x10"* 8 .0 0 x 1 0 " 12 1.45x10"* 2.29x10“10 0.337 0.964

1.94x10"* 1 .1 0 x1 0 “” 3.73x10"* 2.82x10"10 0.480 0.961

2.93x10* 1.30x10“” 6 .1 2 x1 0 "* 2.97x10"1° 0.522 0.956

3.91x10"* 1.60x10“” 8.64x10* 3.06x10"10 0.547 0.949

4.90x10* 1.70x10“” 1 .1 1 x1 0 “* 3.09x10“1° 0.560 0.944

5.88x10* 1.90x10“” 1.36x10"* 3.13x10"10 0.567 0.939

7.86x10"* 2 .2 0 x1 0 ” 1 .8 6 x1 0 “* 3.20x10“ 10 0.577 0.931

9.83x10* 2.50x10“” 2.35x10"* 3.24x10“10 0.581 0.923
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Table B-62. Adsorption of Mixtures of L77 and CHP
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial aL77 = 0.712 
Specific area of the polyethylene power, S=0.360 m2/g

Cm. Total 
(M)

Cm.L77
(M)

CM. CHP
(M)

Powder
(g)

C„.L77
<M)

Ads. L77
(mol/cm2)

1 .0 0 x1 0 '* 7.12x10-* 2 .8 8 x1 0 -* 0.5115 1.75x10-* 1.16x10'10

1.25x10'* 8.90x1 O'* 3.60x10-* 0.5048 2.35x10-* 1.44x10‘ 10

1.50x10* 1.07x10"* 4.30x10-* 0.4963 3.11x10-* 1.70x1 O' 10

2 .0 0 x 1 0 '* 1.42x10'* 5.80x10-* 0.4853 5.32x10-* 2.05x10“10

3.00x10'* 2.14x10'* 8.60x10-* 0.5001 1.06x10'* 2.40x1 O' 10

5.00x10'* 3.56x10'* 1.44x10'* 0.5042 2.34x10* 2.69x1 O’ 10

1.00x1 O' 4 7.12x10'* 2 .8 8 x1 0 * 0.5060 5.84x10* 2.81x10'10

1.50x1 O' 4 1.07x10^ 4.30x10'* 0.5117 9.38x10'* 2.83X10'10

2 .0 0 x 1 0 “* 1.42x10“* 5.80x10* 0.5054 1.29x10“* 2.85x10'10

C ^  CHP
(M)

Ads. CHP
(mol/cm2)

C«q. Total 
(M)

Ads. Total
(mol/cm2)

0tc77 (eq.) 
(bulk soln.)

XtTrisq.) 
(ads. layer)

2.76x10-* 3.00x1 O' 12 4.51x10-* 1.19x10'10 0.388 0.977

3.35x10-* 6.00x1 O' 12 5.70x10-* 1.50x10'1° 0.412 0.963

4.05x10-* 6.00x1 O' 12 7.16x10-* 1.76x1 O' 10 0.434 0.965

5.44x10-* 7.00x1 O' 12 1.08x10'* 2.12x 10 '10 0.494 0.965

8.27x10-* 8.00x1 O' 12 1.89x10'* 2.48x1 O' 10 0.561 0.966

1.40x10* 9.00x1 O' 12 3.74x10'* 2.78x1 O' 10 0.626 0.968

2.84x10* 9.00x10' 12 8 .6 8 x 1 0 * 2.90x1 O' 10 0.673 0.969

4.28x10* 1 .0 0 x1 0 '" 1.37x10“* 2.93x10 'TO 0.687 0.967

5.71x10* 1 0 0 x 1 0 '" 1.86x10"-* 2.95x1 O' 10 0.694 0.966
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Table B-63. Adsorption of Mixtures of L77 and CHP
on the Powdered Polyethylene

Volume of solution -  40.00 mL, Fixed initial a L77 = 0.850 
Specific area of the polyethylene power, Ss0.360 m2/g

Chrt. Total 
(M)

Cini. L77 
(M)

Cim.CHP
(M)

Powder
(0 )

C«q. L77 
(M)

Ads. L77 
(mol/cm2)

1 .0 0 x1 0 * 8.50x10-8 1.50x10"* 0.5018 2 .8 8 x1 0 "* 1.25x10"1°

1.50x10"* 1.28x10-* 2 .2 0 x1 0 "* 0.5104 4.65x10"* 1.76x10"1°

2 .0 0 x1 0  s 1.70x10"* 3.00x10"* 0.4994 7.55x10"* 2.10x1 O' 10

3.00x10 s 2.55x10"* 4.50x10"* 0.5113 1.45x10"* 2.40x10"10

5.00x1 O' 5 4.25x10"* 7.50x10"* 0.5107 3.06x10"* 2.59x10" 10

7.50x1 O' 5 6.37x10"* 1.13x10's 0.4962 5.18x10"* 2 .6 8 x1 0 " 10

1.00x1 O' 4 8.50x10"* 1.50x10"s 0.5055 7.26x10"* 2.73x10" 10

1.25x1 O’ 4 1.06x1 O' 4 1.90x10"5 0.5024 9.38x10"5 2.75x10"1°

1.50x10"4 1.28x10"* 2 .2 0 x1 0 " 5 0.5007 1.15x10"* 2.78x10"10

C«q. CHP
(M)

Ads. CHP
(mol/cm2)

C«q. Total 
(M)

Ads. Total
(mol/cm2) CttTT (•<!•) 

(bulk soln.) (ads. layer)

1.50x10"* 0 . 0 0 4.38x10"* 1.25x10"10 0.658 1 . 0 0 0

2 .2 0 x1 0 "* 1 .1 0 x1 0 " 12 6.85x10"* 1.77x10“ 10 0.679 0.994

2.93x10"* 1.70x10"12 1.05x10"* 2 .1 2 x1 0 " 10 0.721 0.992

4.40x10"* 2 .2 0 x1 0 “ 12 1.89x10* 2.42x10"10 0.767 0.991

7.38x10"* 2.70x10"12 3.80x10* 2.62x10"10 0.806 0.990

1 .1 1 x1 0 '* 3.40x10"12 6.29x10"* 2.71 x10" 10 0.824 0.988

1.48x10“* 3.80x10"12 8.74x10* 2.76x10"10 0.830 0.986

1 .8 6 x1 0 "* 4.40x10"12 1.12X10" 4 2.80x10"10 0.835 0.984

2.23x10* 5.00x10" 12 1.37x10"* 2.83x10"10 0.838 0.982
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Table B-64. Adsorption of Mixtures of L77 and C6P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial ctirr = 0.039 
Specific area of the polyethylene power, S=0.360 m2/g

CmL Total
(M)

Cn.177
(M)

Cw.C6 P
(M)

Powder
(fl)

C*q.L77
<M)

Ads. L77 
(mol/cm2)

1 .0 0 x1 0 ‘ 5 3.90x10‘7 9.61x10-* 0.5121 1 .0 0 x1 0 -* 8.00x1 O' 12

1 60x10“* 6 .0 0 x1 0 " 7 1.54x10'* 0.5003 6.15x10-* 1 .2 0 x1 O' 11

2.50x10"* 1 .0 0 x 1 O' 6 2.40x10'* 0.5106 1.63x1 O' 7 1.80x1 O'"

500x10‘s 1.95x10"* 4.81x10* 0.4945 5.25x10‘7 3.20x1 O’ 11

1 .0 0 x1 0 “* 3.90x10-* 9.61x10'* 0.5001 5.50x1 O' 7 7.40x10“”

2.00x1 O' 4 8 .0 0 x1 0 -* 1.92x10“* 0.4965 2.45x10“* 1 .2 0 x1 0 - ’°

4.00x1 O’ 4 1.60x1 O'* 3.84x1 O' 4 0.5117 8 .0 0 x1 0 -* 1.65x1 O' 10

6 .0 0 x1 O' 4 2.30x10* 5.77x10-* 0.5078 1.48x10'* 1.89x1 O' 10

8 .0 0 x1 0 " 4 3.10x10-* 7.69x10“* 0.4990 2.18x10* 2 .1 0 x1 0 - ’°

Caq.CSP
(M)

Ads. C6 P
(mol/cm2)

Caq. Total
(M)

Ads. Total
(mol/cm2)

Ctcrr(eq.) 
(bulk soln.)

X in  (etj.) 
(ads. layer)

5.76x10“* 8.40x10“” 5.77x10“* 9.20x10” 0 . 0 0 2 0.090

1.06x10-* 1.07x10"’° 1.06x10“* 1.19x10“’° 0.006 0.105

1.81x10"* 1.29x10’° 1.83x10“* 1.47x10“’° 0.009 0 . 1 2 1

4.14x10“* 1.49x10“’° 4.19x10“* 1.81x10“’° 0.013 0.176

8.93x10“* 1.52x10“’° 8.98x10* 2.27x10“’° 0.006 0.328

1.85x10-* 1.54x10“’° 1 .8 8 x1 0 “* 2.74x10“’° 0.013 0.437

3.77x10-* 1.54x10“’° 3.85x10“* 3.19x10“’° 0 . 0 2 1 0.517

5.69x10-* 1.61x10“’° 5.84x10“* 3.50x10“’° 0.025 0.539

7.61x10** 1.65x10“’° 7.83x10“* 3.75x10“’° 0.028 0.561
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Table B-65. Adsorption of Mixtures of L77 and C6P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a L77 = 0.172 
Specific area of the polyethylene power, S=0.360 m2/g

CmL Total
(Ml

CinL L77 
(M)

Cint C6P 
(M)

Powder
(0 )

C«q.L77
(Ml

Ads. L77 
(mol/cm2)

2.50x10** 4.30x10*7 2.07x1 O'* 0.5007 2.75x10* 9.00x10*12

5.00x10** 8.60x10"7 4.14x10** 0.4956 7.50x10* 1.80x10*11

1.25x10*5 2.10x10** 1.04x10"® 0.5124 2.55x10*7 4.10x10”

2.50x10*s 4.30x10** 2.07x10*® 0.4963 7.00x10"7 8.10x10”

5.00x10* 8.60x10** 4.14x10*® 0.5050 1.55x10** 1.55x10*1°

7.50x10*® 1.29x10*® 6.21 x10*® 0.5003 2.03x10*® 2.42x1 O'10

1.50x10“* 2.60x10*® 1.24x10"* 0.4985 1.35x10*® 2.74x1 O*10

3.00x10*4 5.20x10*® 2.48x10*4 0.5046 3.89x10*5 2.79x10*’°

I 5.00x10"* 8.60x10* 4.14x10"* 0.5107 7.31 x10*5 2.82x10*’°

C«q. C6P 
(M)

Ads. C6P
(mol/cm2)

Caq. Total
(M)

Ads. Total
(molfcm2)

OtcTrteq.) 
(bulk soln.)

Xi.77(eq.)
(ads. layer)

6.55x10*7 3.10x10” 6.83x10*7 4.00x10*” 0.040 0.221

1.93x10** 5.00x10” 2.00x10** 6.80x10” 0.037 0.262

6.68x10** 8.00x10” 6.93x10** 1.21x10*’° 0.037 0.340

1.64x10*® 9.60x10” 1.71x10*® 1.77x10*’° 0.041 0.456

3.68x10® 1.01x1 O'10 3.84x10*® 2.56x10*’° 0.040 0.605

5.74 x10"® 1.04x10*’® 5.94x10*® 3.46x10*’° 0.034 0.698

1.19x10"* 1.08x10"’® 1.33x10"* 3.82x10*’° 0.102 0.717

2.43x10"* 1.11x10"’® 2.82x10*4 3.90x10*’° 0.138 0.715

4.09x10"* 1.13x10"’® 4.82x10*4 3.95x10*’° 0.152 0.713
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Table B-66. Adsorption of Mixtures of L77 and C6P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial c t i.7 7  = 0.269 
Specific area of the polyethylene power, Ss0.360 m2/g

CM. Total
(M)

Cm. L77 
(M)

CintCBP
(M)

Powder
(g)

C«q. L77
(M)

Ads. L77 
(mol/cm2)

5.00x10-* 1.35x10-* 3.65x10-* 0.4992 4.50x10'* 2.90x10'"

1 .0 0 x 1 0 ' 5 2.69x10-* 7.31x10-* 0.4985 1.14x10-7 5.70x10'"

1.50x10-* 4.00x10-* 1 .1 0 x1 0 '* 0.5042 2.10x1 O' 7 8.40x10"

2.50x10* 6.70x10“* 1.83x10-* 0.5107 3.75x10' 7 1.38x10‘1°

5.00x10* 1.35x10' 5 3.65x10-* 0.5004 2.15x10**

OI0Xto01

1 .0 0 x 1 0 “* 2.69x105 7.31x10'* 0.4946 1.33x10'* 3.06x1 O' 10

2 .0 0 x1 0 “* 5.40x10-* 1.46x10“* 0.5085 3.89x10* 3.26x1 O' 10

3.00x10“* 8 .1 0 x1 0 -* 2.19x10“* 0.5134 6.53x10'* 3.33x1 O' 10

4.00x1 O' 4 1.08x10“* 2.92x10“* 0.5008 9.24x10'* 3.37x10 ',Q

Caq. C6 P 
(M)

Ads. C6 P
(mol/cm2)

Caq Total
(M)

Ads. Total
(mol/cm2)

Cturleq.) 
(bulk soln.)

X|.77 (•<!•) 
(ads. laysr)

1.29x10-* 5.30x1 Or” 1.32x10-* 8 .2 0 x1 0 " 0.034 0.354

4.19x10** 7.00x10' 11 4.30x10-* 1.27x10“10 0.027 0.452

7.39x10-* 7.90x10-11 7.60x10"* 1.63x1 O' 10 0.028 0.517

1.45x10'* 8 .2 0 x1 0 ' 11 1.49x10'* 2 .2 0 x 1 0 *“ 0.025 0.627

3.28x10'* 8.40x1 O'" 3.49x10* 3.35x10’° 0.062 0.748

6.92x10-* 8.70x10-" 8.25x10* 3.93x1 O' 10 0.161 0.779

1.42x10“* 8.50x1 O'" 1.81x10“* 4.11x10-*° 0.215 0.793

2.15x10“* 8.50x10'" 2.81x10“* 4.18x10-*° 0.233 0.796

2 .8 8 x1 0 “* 8.80x10" 3.81x10“* 4.25x10-’° 0.243 0.793
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Table B-67. Adsorption of Mixtures of L77 and C6P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a L77 = 0.441 
Specific area of the polyethylene power, S=0.360 m2/g

Cmi. Total 
(M)

Cmi. L77 
(M)

C^CBP
(M)

Powder
(g)

Ctq.L77
(M)

Ads. L77
(mol/cm2)

5.00x10** 2.20x10** 2.80x10** 0.4895 6.25x10** 4.90x10*”

1.00x1 O'5 4.41x10** 5.59x10** 0.5120 2.60x10*7 9.00x10*”

2.00x1 O'5 8.82x10** 1.12x10*® 0.5202 7.20x10*7 1.73x10*1°

3.00x10*5 1.32x10*5 1.68x10*® 0.4975 3.16x10** 2.25x1 O*10

4.00x10*5 1.76x10 '5 2.24x10*® 0.5107 6.09x10** 2.51 x10*10

8.00x10*5 3.53x10*5 4.47x10*® 0.5003 2.29x10*® 2.74x1 O*10

1.50x10** 6.61 x10*5 8.39x10*® 0.5114 5.27x10® 2.93x10*’°

2.25x10-4 9.90x10*5 1.26X10*4 0.4967 8.56x10® 3.05x10*’°

3.00x10** 1.32x10** 1.68x10** 0.5005 1.18x10** 3.17x10-’°

C«q. C6P
(M)

Ads. C6P
(mol/cm2)

Caq. Total
(M)

Ads. Total
(mol/cm2)

a Ln(eq.) 
(bulk soln.)

If£«•
X

2.00x10** 1.80x10*” 2.06x10“* 6.70x10*" 0.030 0.730

4.28x10** 2.80x10*11 4.54x10** 1.19x10“’° 0.057 0.760

9.64x10** 3.30x10*” 1.04x10*® 2.06x10“’° 0.070 0.840

1.50x10*® 4.00x10*” 1.81x10*® 2.65x10“’° 0.174 0.849

2.03x10*® 4.40x10” 2.64x10® 2.96x10*’“ 0.231 0.850

4.25x10*® 5.00x10” 6.54x10® 3.24x10“ ’° 0.351 0.847

8.15x10* 5.00x10“” 1.34x10** 3.44x10“’° 0.392 0.854

1.23x10“* 5.50x10“” 2.09x10** 3.60x10“’° 0.410 0.848

1.65x10** 5.40x10” 2.83x10** 3.72x10“ ’° 0.417 0.854
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Table B-68. Adsorption of Mixtures of L77 and C6P
on the Powdered Polyethylene

Volume of solution -  40.00 mL, Fixed initial aL77 = 0.595 
Specific area of the polyethylene power, S=0.360 m2/g

Cim. Total 
(M)

Cw. L77
(M)

Cmi.C6P
(M)

Powder
(a)

C«q. L77 
(M)

Ads. L77
(mol/cm2)

5.00x10-* 2.97x10-* 2.03x10-* 0.5122 4.25x1 O'7 5.50x1 O'11

1.00x10'5 5.95x10-* 4.05x10-* 0.5034 9.25x1 O'7 1.11x10'10

1.50x10"5 8.92x10-* 6.08x10"* 0.4954 1.58x10-* 1.65x1 O'10

2.00x10-* 1.19x10'* 8.10x10-* 0.4967 3.08x1 O'* 1.97x10'10

4.00x10'* 2.38x10'* 1.62x10'* 0.5002 1.23x10'* 2.57x1 O'10

7.00x10'* 4.16x10'* 2.84x10'* 0.4981 2.93x10'* 2.75x10'10

1.00x1 O'4 5.95x10'* 4.05x10'* 0.5164 4.64x10'* 2.83x10-’°

1.75x1 O'4 1.04x1 O'4 7.10x10'* 0.5124 9.07x10'* 2.91x1 O'10

2.50x1 O'4 1.49x10^* 1.01X10-4 0.5202 1.35x1 O'4 2.96x10'’°

C^CSP
(M)

Ads. C6P
(mol/cm2)

C«q. Total
(M)

Ads. Total
(mol/cm2)

CLirt (eq.) 
(bulk soln.)

Xu?(eq.) 
(ads. layer)

1.63x10-* 9.00x1 O'12 2.06x10-* 6.40x10” 0.207 0.867

3.24x10-* 1.80x1 O'11 4.17x10-* 1.29x1 O'10 0.222 0.862
5.18x10"* 2.00x10-” 6.76x10-* 1.85x10"’° 0.233 0.892

7.16x10"* 2.10x10'” 1.02x10* 2.18x10'’° 0.300 0.904

1.52x10* 2.20x10-” 2.75x10-* 2.78x1 O'10 0.446 0.922

2.73x10'* 2.40x10'” 5.66x10'* 2.99x1 O'10 0.518 0.921

3.94x10* 2.40x10” 8.57x10'* 3.07x10'’° 0.541 0.921

6.97x10* 2.60x10'” 1.60X10-4 3.17x10'10 0.566 0.917

1.00x10^ 2.70x10'” 2.35x10"4 3.23x1 O'10 0.574 0.916
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Table B-69. Adsorption of Mixtures of L77 and C6P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial aL77 -  0.751 
Specific area of the polyethylene power, S-0.360 m2/g

Chrt. Total 
(M)

Cinj. L77 
(M)

C^CSP
(M)

Powder
(g)

C«q. L77
(M)

Ads. L77 
(mol/cm2)

5.00x10-® 3.75x10-* 1.25x10"* 0.5042 1.18x10"* 5.70x10"”

1.00x10 '5 7.51x10-* 2.49x10"6 0.4987 1.99x10-* 1.23x10-1°

1.50x10 s 1.13x10"* 3.70x10-* 0.5007 3.59x10-* 1.70x10"’°

3.00x1 O'5 2.25x10"* 7.50x10"® 0.4965 1.21x10-* 2.33x10"’°

4.00x10*5 3.00x10"* 1.00x10"* 0.5101 1.85x10"* 2.52x10"’°

7.00x10*5 5.26x10"* 1.74x10"* 0.5020 4.02x10"* 2.73x10-’°

1.20x1 O'4 9.01x10-* 2.99x10* 0.5124 7.72x10"* 2.81x10"’°

1.50x1 O’4 1.13x10"* 3.70x10* 0.4954 1.00x10"* 2.82x10"’°

2.00x10~* 1.50x10"* 5.00x10"* 0.5113 1.37x10"* 2.85x10"’°

C*,. C6P 
(M)

Ads. C6P
(mol/cm2)

Caq. Total
(M)

Ads. Total
(mol/cm2)

Ctt77(eq.)
(bulk soln.|

Xur(eq.) 
(ads. layer)

9.90x10*7 6.00x10"72 2.17x10-* 6.20x10"” 0.544 0.910

2.21x10"* 6.00x10"72 4.20x10"* 1.29x10"’° 0.473 0.952

3.45x10*® 7.00x10"t2 7.04x10"* 1.77x10"’° 0.510 0.964

7.17x10"* 7.00x10"72 1.93x10"* 2.40x10"’° 0.629 0.972

9.63x10-* 7.00x10"72 2.81x10"* 2.59x10"’° 0.658 0.972

1.71x10"* 8.00x10"72 5.73x10"* 2.81x10"’° 0.702 0.972

2.95x10"* 8.00x10"12 1.07x10"* 2.89x10"70 0.723 0.971

3.70x10"* 9.00x10"72 1.37x10"* 2.91 x10"7° 0.730 0.969

4.94x10"* 9.00x10"72 1.86x10"* 2.94x10"’° 0.735 0.970
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Table B-70. Adsorption of Mixtures of L77 and C6P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial aL77 = 0.877 
Specific area of the polyethylene power, S=0.360 m2/g

Cini. Total 
<M)

Cm .L77
m )

C^CSP
(M)

Powder
(g)

C*q. L77
<M)

Ads. L77 
(mol/cm2)

2.50x10-* 2.19x10-* 3.10x10-7 0.5104 8.38x10"7 2.90x10-"

5.00x10-* 4.39x10"* 6.10x1 O'7 0.5025 1.76x10-* 5.80x10-"

1.00x10'5 8.77x10"* 1.23x10-* 0.5042 3.47x10-* 1.17x10-’°

2.00x10* 1.75x10-* 2.50x10-* 0.4946 8.47x10-* 2.04x10‘10

4.00x10'* 3.51x10* 4.90x10-* 0.5057 2.35x10-* 2.53x10-’°

6.00x10-* 5.26x10'* 7.40x10-* 0.5010 4.05x10* 2.68x10-’°

8.00x10'* 7.02x10-* 9.80x10-* 0.4895 5.81x10'* 2.74x10-’°

1.20x1 O'* 1.05x10-* 1.50x10* 0.4974 9.28x10* 2.78x10-’°

1.60x10*4 1.40x10-* 2.00x10* 0.5019 1.28x10-* 2.80x10’°

C«q.C6P
(M)

Ads. C6P
(mol/cm2)

Caq. Total
(M)

Ads. Total
(mol/cm2)

CXl77 (eq.) 
(bulk soln.)

Xcn(eq.) 
(ads. layar)

2.23x10‘7 2.00x1 O'12 1.06x10-* 3.10x10-" 0.790 0.941

5.00x10‘7 3.00x10“12 2.26x10-* 6.10x10-" 0.779 0.958

1.10x10-* 3.00x10"12 4.57x10-* 1.20x10"’° 0.760 0.976
2.32x10"6 3.00x1 O’12 1.08x10* 2.07x10-’° 0.785 0.984

4.76x10“* 4.00x1 O'12 2.83x10'* 2.57x10-’° 0.832 0.986

7.20x10"“ 4.00x1 O'12 4.77x10* 2.72x10’° 0.849 0.986

9.65x10-* 4.00x10"12 6.78x10* 2.78x10-’° 0.858 0.984

1.45x10"* 5.00x10"12 1.07x10"* 2.83x10"’° 0.864 0.983

1.95x10"* 5.00x10"12 1.47x10-* 2.85x10'’° 0.868 0.982
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Table B-71. Adsorption of Mixtures of L77 and C2,6P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial aL77 = 0.036 
Specific area of the polyethylene power, S=0.360 m2/g

CM. Total
(M)

Cm.L77
(M)

Cuu.C2.6P
(M)

Powder
(g)

C«q. L77
(M)

Ads. L77
(mol/cm2)

1.00x1 O'5 3.60x1 O'7 9.64x10** 0.5102 4.00x10** 7.00x10*12

1.50x1 O'5 5.00x1 O'7 1.45x10"* 0.4991 8.75x10** 1.00x10”

2.50x10’5 9.00x1 O'7 2.41x10** 0.5005 8.75x10*a 1.80x10'"

5.00x10'5 1.80x10** 4.82x10* 0.5008 1.30x1 O'7 3.70x10*"

1.00x1 O'4 3.60x10-* 9.64x10** 0.5124 2.50x10*7 7.30x10'"

2.00x10-4 7.20x10** 1.93X10*4 0.4984 1.85x10* 1.19x10'10

4.00x1 O'4 1.44x10*5 3.86x10*4 0.4895 6.80x10** 1.73x1 O'10

6.00x1 O'4 2.20x10*5 5.78x10-* 0.5040 1.30x10** 1.90x1 O'10

8.00x1 O'4 2.90x10*5 7.71 xIO*4 0.5015 2.00x10* 1.96x1Q-10

Cm .C 2 .6 P
(M)

Ads. C2.6P
(mol/cm2)

C,q Total
(M)

Ads. Total
(mol/cm2)

0tL77(eq.)
(bulk soln.)

X trrfeq .) 
(ads. layer)

7.04x10** 5.70x10*" 7.08x10** 6.40x10'" 0.006 0.110

1.07x10'* 8.50x10" 1.07x10'* 9.50x10'" 0.008 0.106

1.93x10** 1.07x10*10 1.94x10'* 1.25x10'’° 0.005 0.145

4.28x10** 1.20x10*’° 4.29x10"* 1.57x10'’° 0.003 0.236

9.05x10** 1.27x10*’° 9.08x10'* 2.00x10'’“ 0.003 0.363

1.87x10-* 1.31x10*’° 1.89x10-* 2.50x10'’° 0.010 0.477

3.80x10-4 1.34x10*’° 3.86x10-* 3.07x10*’° 0.018 0.562

5.72x10-* 1.39x10*’° 5.85x10-* 3.29x10'’° 0.022 0.578

7.65x10-* 1.41x10*’° 7.85x10-* 3.36x10'’“ 0.025 0.582
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Table B-72. Adsorption of Mixtures of L77 and C2,6P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a L77 *  0.115 
Specific area of the polyethylene power, S=0.360 m2/g

Cbu. Total 
(M)

Cmi. L77 
(M)

Cw.C2.6P
(M)

Powder
(g)

C«q. L77 
(M)

Ads. L77
(mol/cm2)

2.50x1 O'6 2.90x10 7 2.21x10-* 0.5104 7.50x10-* 6.00x10'12

5.00x1 O'6 5.70x10-7 4.43x10-* 0.4976 1.50x10'* 1.30x1 O'11

1.00x10-* 1.15x10-* 8.85x10** 0.5004 6.25x10'* 2.40x10'”

2.00x10-* 2.30x10-* 1.77x10'* 0.4984 9.50x1 O'* 4.90x10-”

4.00x10'* 4.60x10-* 3.54x10'* 0.4956 2.50x1 O'7 9.80x10'”

7.50x10-* 8.63x10-* 6.64x10'* 0.5112 1.00x10'® 1.66x10'10

1.50x1 O'4 1.73x10"s 1.33x1 O'4 0.5004 7.05x10-® 2.26x1 O'10

3.00x1 O'4 3.45x10-* 2.66x1 O’4 0.4988 2.39x10'* 2.36x10'10

5.00x1 O’4 5.75x10-* 4.43x1 O'4 0.5002 4.68x1 O'* 2.38x1 O'10

^ 0 2 ,6P 
(M)

Ads. C2.6P 
(mol/cm2)

Caq. Total
(M)

Ads. Total
(mol/cm2) CIltt (*q.) 

(bulk soln.)
Xm (»q.) 

(ads. layor)

7.98x1 O'7 3.10x10-11 8.06x1 O'7 3.70x10“” 0.009 0.165
2.14x10-* 5.10x10-" 2.15x10“* 6.40x10” 0.007 0.197

5.43x10-* 7.60x10'" 5.49x10-* 1.00x10“10 0.011 0.241

1.34x10'* 9.60x10" 1.35x10* 1.45x10“10 0.007 0.339
3.08x10'* 1.03x10-’° 3.11x10-* 2.01 x10-10 0.008 0.486
6.16x10* 1.04x10-’° 6.26x10* 2.70x10“10 0.016 0.614

1.28x10“* 1.08x10’° 1.35x10-* 3.34x10“1° 0.052 0.678
2.60x1 O'4 1.14x10-’° 2.84x10“* 3.50x10“10 0.084 0.674

4.37x1 O'4 1.20x10-’° 4.84x10“* 3.58x10“10 0.097 0.665
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Table B-73. Adsorption of Mixtures of L77 and C2,6P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a Ln  -  0.246 
Specific area of the polyethylene power, S=0.360 m2/g

Cmi. Total 
<M)

Cw.L77
(M)

Cw.C2.6P
(M)

Powder
(g)

Cw.L77
(M)

Ads. L77 
(mol/cm2)

4.00x10"® 9.80x10"7 3.02x10"* 0.4992 2.90x10* 2.10x10"”

6.00x10"® 1.48x10"® 4.52x10"* 0.4985 6.60x10" 3.10x10"11

1.00x10"5 2.46x10"® 7.54x10"* 0.5042 7.50x10"* 5.30x10""

2.00x1 O'5 4.90x10"® 1.51x10"* 0.5107 1.70x10"7 1.03x10"’°

4.00x10'5 9.80x10"® 3.02x10"* 0.5004 1.34x10"® 1.89x10"’°

8.00x10"* 1.97x10"* 6.03x10"* 0.4946 8.56x10"® 2.50x10"’°

1.50x10“* 3.70x10"* 1.13x10“* 0.5085 2.44x10* 2.74x10"’°

2.50x10"4 6.10x10"* 1.89x10“* 0.5134 4.85x10"* 2.81x10"’°

3.50x1 O'* 8.60x10"* 2.64x10“* 0.5008 7.32x10"* 2.87x10"’°

C ^ C ^ P
(M)

Ads. C2.6P 
(mol/cm2)

C«q Total
(M)

Ads. Total
(mol/cm2)

CXlt7 (eg.) 
(bulk soln.)

Xt77(sq.)
(ads. layer)

8.99x10"7 4.70x10"” 9.28x10"7 6.80x10"” 0.031 0.311

1.90x10"* 5.90x10"” 1.97x10"* 9.00x10"” 0.034 0.349

4.52x10"* 6.70x10"” 4.60x10"* 1.19x10"’° 0.016 0.441

1.16x10"* 7.70x10"” 1.17x10"* 1.80x10"’° 0.014 0.574

2.59x10"* 9.50x10"” 2.72x10"* 2.84x10"’° 0.049 0.664

5.59x10"* 1.00x10"’° 6.45x10"* 3.50x10"’° 0.133 0.714

1.08x10“* 1.02x10"’° 1.32X10"4 3.76x10"’° 0.183 0.729

1.84x10“* 1.03x10"’° 2.32x10“* 3.85x10"’° 0.209 0.731

2.59x10“* 1.07x10"’° 3.32x10“* 3.94x10"’° 0.220 0.729
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Table B-74. Adsorption of Mixtures of L77 and C2,6P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial <*<.77 = 0.415 
Specific area of the polyethylene power, S=0.360 m2/g

CM. Total
m

C m .L 7 7
(M)

Cm.C2,6P
(M)

Powder
(fll

C«q.L77
(M)

Ads. L77
(mol/cm2)

5.00x1 O' 6 2.08x1 O' 6 2.92x10"* 0.5045 3.15x10"7 3.90x10"”

1 .0 0 x1 0 "* 4.15x10"* 5.85x10"* 0.5143 4.75x10" 7 7.90x10"”

2 .0 0 x1 0 "* 8.30x10"* 1.17x10"5 0.5074 1.25x10"* 1.54x10"1°

2.50x1 O’ 5 1.04x10"* 1.46x10"* 0.4898 2.25x10"* 1.84x10"10

5.00x10"* 2.08x10"* 2.92x10"* 0.4745 9.40x10"* 2 .6 6 x1 0 " 10

1 .0 0 x1 0 "* 4.15x10"* 5.85x10"* 0.5007 2 .6 6 x1 0 "s 3.31 x10" 10

1.50x1 O’ 4 6.23x10"* 8.78x10"* 0.5023 4.64x10"* 3.52x10"10

2 .0 0 x1 0 "* 8.30x10"* 1.17x10"* 0.4984 6.69x10* 3.59x10" 10

2.50x1 O' 4 1.04X10"4 1.46x10"* 0.5015 8.71x10"* 3.69x10"10

C«q.C2,6P
(M)

Ads. C2.6P 
(mol/cm2)

C.q. Total Ads. Total
(mol/cm2) Ctt77 (•<!•) 

(bulk soln.)
X|_77 (eq.) 

(ads. layer)

1.34x10"* 3.50x10"” 1 .6 6 x1 0 "* 7.40x10"” 0.190 0.526

2 .8 8 x1 0 "* 6.40x10” 3.35x10"* 1.43x10"1° 0.142 0.553

7.85x10"* 8.40x10"” 9.10x10"* 2.38x10"10 0.137 0.647

1.08x10"* 8.60x10"” 1.31x10* 2.70x10"10 0.172 0.681

2.53x10"* 9.20x10"” 3.47x10"* 3.58x10"10 0.271 0.742

5.42x10* 9.50x10"” 8.08x10* 4.26x10"10 0.329 0.776

8.33x10"* 9.80x10"” 1.30x10"* 4.50x1 O' 10 0.358 0.781

1 .1 2 x1 0 "* 1.03x10"1° 1.79x10"* 4.63x1 O' 10 0.373 0.777

1.42x10"* 1.03x10"1° 2.29x10"* 4.72x1 O' 10 0.381 0.782

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



273

Table B-75. Adsorption of Mixtures of L77 and C2,6P
on the Powdered Polyethylene

Volume o f solution = 40.00 mL, Fixed initial aL77 = 0.530 
Specific area of the polyethylene power, S=0.360 m2/g

Cm . Total
(M)

Cm L 7 7
(M )

Cm .C 2 ,6P
(M>

P ow der
(fl)

C«q. L77
(M)

A d s. L77
(mol/cm2)

5.00x10-* 2.65x10"* 2.35x10-* 0.4995 1 . 0 0 x 1 0 * 7 5.70x10"11

1.00x1 O'5 5.30x10-* 4.70x10-* 0.5005 2.00x10"7 1.13x10'10

1.50x1 O'* 7.95x10"* 7.05x10-* 0.4954 8.50x10"7 1.59x1 O'10

2.00x10-* 1.06x10"* 9.40x10“* 0.5021 1.78x10-* 1.95x1 O'10

4.00x1 O'* 2.12x10"* 1.88x10"* 0.5105 8.15x10-* 2.84x10"10

7.00x10-* 3.71x10"* 3.29x10"* 0.5047 2.20x10* 3.32x1 O'10

1.00x10"* 5.30x10'* 4.70x10-* 0.4987 3.74x10'* 3.48x1 O*10

1.75x1 O'4 9.28x10"* 8.23x10* 0.5014 7.65x10'* 3.61 x10"10

2.50x10*4 1.32x10-* 1.18x10-* 0.5003 1.16x10-* 3.65x1 O'10

Caq. C2.6P 
(M)

Ads. C2.6P
(mol/cm2)

Total
(M)

Ads. Total
(mol/cm2) t t i n  (eq.) 

(bulk soln.)
X lt7 (eq .) 

(ads. layer)

1.96x10-* 9.00x10~12 2.06x10"* 6.50x10'” 0.049 0.867

3.89x10-* 1.80x10"” 4.09x10-* 1.31x1 O'10 0.049 0.863

5.83x10"* 2.70x10r11 6.68x10** 1.87x1 O'10 0.127 0.854

7.89x10-* 3.30x10"” 9.67x10-* 2.29x10"10 0.184 0.854

1.69x10"* 4.10x10"” 2.51x10* 3.25x1 O'10 0.325 0.873

3.07x10'* 4.80x10"” 5.27x10* 3.80x1 O'10 0.417 0.875

4.47x10"* 5.00x10"” 8.21x10-* 3.98x10"10 0.455 0.873

7.98x10* 5.50x10"” 1.56x10"* 4.17x10-10 0.489 0.867

1.15x10-* 6.20x10"” 2.31x10"* 4.27x10"10 0.503 0.856
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Table B-76. Adsorption of Mixtures of L77 and C2,6P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial aL77 = 0.672 
Specific area of the polyethylene power, S=0.360 m2/g

Cw. Total
(M)

Cm\ 7 7
(M)

Cmt C2,6P 
W)

Powder
(fl)

C*q.L77
(M)

Ads. L77 
(mol/cm3)

5.00x1 O'® 3.36x10"® 1.64x10-* 0.4956 8.10x1 O'7 5.70x10'”

1.00x10'* 6.72x10“® 3.28x10-* 0.4875 1.45x10-* 1.20x10“1°

1.50x10'* 1.01x10“* 4.90x10-* 0.5124 2.56x10-* 1.63x1 O'10

2.50x10'* 1.68x10“* 8.20x10-* 0.5002 6.40x10-* 2.31x10'’°

4.00x10'* 2.69x10“* 1.31x10'* 0.5135 1.43x10'* 2.72x10'10

7.00x10'* 4.70x10“* 2.30x10'* 0.4985 3.34x10* 3.03x10’°

1.20x10“* 8.06x10“* 3.94x10'* 0.5013 6.59x10* 3.26x10'’°

1.50x1 O'4 1.01x10“* 4.90x10'* 0.5006 8.57x10'* 3.35x10’°

2.00x1 O'4 1.34x10“* 6.60x10* 0.5002 1.19x10“* 3.42x10'’°

C2.6P
(M)

Ads. C2.6P
(mol/cm3)

Cm,. Total 
<M)

Ads. Total
(mol/cm2)

CCl77 (eq.) 
(bulk soln.)

Xltt (eq.) 
(ads. layer)

1.26x10“* 9.00x10“12 2.07x10“* 6.60x10" 0.391 0.870

2.57x10-* 1.60x10“" 4.02x10“* 1.36x10"’° 0.360 0.882

3.88x1 O'* 2.30x10“" 6.44x10“* 1.86x10“’° 0.397 0.879

6.95x10-* 2.80x10“" 1.33x10* 2.59x10“’° 0.479 0.893

1.18x10'* 2.90x10“" 2.61x10* 3.01x10“’° 0.549 0.904

2.16x10“* 3.00x10“" 5.50x10* 3.33x10“’° 0.608 0.909

3.80x10* 3.10x10“" 1.04x10“* 3.57x10“’° 0.635 0.914

4.78x10'* 3.20x10“" 1.34x10“* 3.67x10“’° 0.642 0.914

6.41x10“* 3.30x10" 1.83x10“* 3.75x10“’° 0.650 0.912
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Table B-77. Adsorption of Mixtures of L77 and C2,6P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial aL77 = 0.836 
Specific area of the polyethylene power, S=0.360 m2/g

Cim. Total 
(M)

Cini. L77 
(M)

CmtC2,6P
(M)

Powder
(fl)

C,q.L77
(M)

Ads. L77
(mol/cm2)

2.50x10-* 2.09x10“* 4.10x10“7 0.5018 9.85x1 O'7 2.40x10”

5.00x10-* 4.18x10-* 8.20x10“7 0.4986 1.48x10-* 6.00x10'”

1.00x1 O'5 8.36x10-* 1.64x10-* 0.4994 2.84x10-* 1.23x1 O'10

2.00x10‘5 1.67x10'* 3.30x10-* 0.5020 7.40x10** 2.06x1 O'10

4.00x10-* 3.34x10“* 6.56x10-* 0.5042 2.19x10'* 2.55x1 O'10

6.00x10'* 5.02x10“* 9.80x10-* 0.4927 3.81x10'5 2.73x10'1°

8.00x10'* 6.69x10“* 1.31x10'* 0.5102 5.38x10* 2.84x1 O'10

1.20x10“* 1.00x10-* 2.00x10“* 0.5050 8.68x10* 2.98x1 O'10

1.60x10-* 1.34x10-* 2.60x10"* 0.5066 1.20x10-* 3.07x1 O'10

C„C2,6P
<M)

Ads. C2,6P 
(mol/cm2)

C,q Total
(M)

Ads. Total
(mol/cm2) Ctcn (eq.) 

(bulk soln.)
Xitt (eq.) 

(ads. laysr)

3.17x10“7 2.00x1 (T12 1.30x10* 2.60x10“” 0.757 0.922

6.84x1 O'7 3.00x1 Q“12 2.16x10* 6.30x10“" 0.684 0.952

1.43x10-* 5.00x10“12 4.26x10“* 1.28x10“10 0.665 0.963

2.96x10“* 7.00x10“t2 1.04x10'* 2.13x10-’° 0.714 0.967

6.15x10-* 9.00x10“12 2.80x10* 2.64x10“’° 0.781 0.966
9.41x10"* 1.00x10“" 4.75x10* 2.83x10“’° 0.802 0.966

1.27x10“* 1.00x10-” 6.65x10* 2.94x10“’° 0.809 0.967

1.92x10'* 1.00x10“" 1.06x10-* 3.08x10“’° 0.819 0.967

2.57x10* 1.10x10“" 1.46x10“* 3.18x10“’° 0.823 0.966
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Table B-78. Adsorption of Mixtures of L77 and C8P
on the Powdered Polyethylene

Volume o f solution = 40.00 mL, Fixed initial aL77 = 0.094 
Specific area of the polyethylene power, S=0.360 m2/g

Cm. Total
(M)

Clni.L77
(M)

Cm. C«P
(M)

Powder
(g)

C«q.L77
(M)

Ads. L77 
(mol/cm2)

1 -0 0 x1 O' 5 9.40x1 O' 7 9.06x10“* 0.4976 3.50x10“* 2 .0 0 x1 0 “”

2.50x10’5 2.30x10“* 2.27x10“* 0.5026 1 .1 0 x1 0 " 7 5.00x10“ 11

5.00x10'* 4.70x10r* 4.53x10'* 0.4884 5.75x1 O' 7 9.40x10“’1

7.50x1 O'* 7.00x10r« 6.80x10'* 0.4981 1.45x10“* 1.25x10“1°

1.25x10“* 1 .2 0 x1 0 -* 1.13x10“* 0.5103 4.65x10“* 1.55x10“ 10

2.50x10“* 2.30x10-* 2.27x10“* 0.4946 1.54x10“* 1.82x10“1°
5.00x10“* 4.70x10“* 4.53x10“* 0.5041 3.79x10“* 2.01x1 O' 10

7.50x10“* 7.00x10“* 6.80x10“* 0.5125 6.06x10“* 2.14x10“’°
1 .0 0 x1 O' 3 9.40x10“* 9.06x10“* 0.5014 8.37x10* 2.28x10“’°

C«q. C8P
(M)

Ads. C8P
(mol/cm*)

C«q. Total
(M)

Ads. Total
(mol/cm2)

CXurleq.) 
(bulk soln.)

Xctt (eq.) 
(ads. layer)

5.96x10“* 6.90x10“11 6 .0 0 x1 0 “* 8.90x10“” 0.006 0.226
1.72x10“* 1 .2 0 x1 0 r1° 1.73x10* 1.70x10“’° 0.006 0.292
3.92x10“* 1.39x1CT10 3.98x10* 2.33x10“’° 0.014 0.402
6.13x10“* 1.48x10“to 6.28x10* 2.73x10“ 10 0.023 0.457
1.06x10“* 1.60x10“*° 1 .1 1 x1 0 “* 3.15x10“’° 0.042 0.491
2.19x10“* 1.72x10“*° 2.34x10“* 3.54x10“’° 0.066 0.513
4.44x10“* 1.90x10“*° 4.82x10“* 3.91x10“’° 0.079 0.514
6.70x10“* 2.03x10“*° 7.31x10“* 4.17x10“’° 0.083 0.513
8.96x10“* 2 .1 1 x1 0 “*° 9.80x10“* 4.39x10“’° 0.085 0.520
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Table B-79. Adsorption of Mixtures of L77 and C8P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial aL77 = 0.244 
Specific area of the polyethylene power, S=0.360 m2/g

Cmi. Total 
(M)

Ci«l L77 
<M)

Cw.C8P
(M)

Powder
(g)

C«q. L77 
<M)

Ads. L77 
(mol/cm2)

2.50x10"® 6 .1 0 x1 0 " 7 1.89x10"® 0.5102 4.75x10‘ 7 3.00x10" 12

5.00x10"® 1 .2 2 x1 0 "® 3.78x10"® 0.4965 1.85x10"7 2.30x10“11

1 .0 0 x1 0 " 5 2.44x10"® 7.56x10"® 0.4987 4.50x10"® 5.30x10-”

2 .0 0 x1 0 "* 4.90x10"® 1.51x10"* 0.5033 3.00x10"® 1.07x10“’°

4.00x10"* 9.80x10“* 3.02x10"* 0.5112 2.14x10"® 1 .6 6 x1 0 “’°

7.50x10"* 1.83x10"* 5.67x10"* 0.5004 8.45x10"® 2.19x10"1°

1.25x10"* 3.05x10“* 9.45x10"* 0.5101 1.91x10"* 2.48x10"10

2.50x10“* 6 .1 0 x1 0 “* 1.89x10“* 0.5005 4.83x10"* 2.81 x1 0 " 10

4.00x10" 4 9.80x10“* 3.02x10“* 0.5008 8.42x10"* 2.98x10"10

C „ C8P
(M)

Ads. C8P
(mol/cm2)

< v  Total
<M)

Ads. Total
(mol/cm2)

Cttnleq.) 
(bulk soln.)

XL77(«q.) 
(ads. layer)

9.75x10“ 7 2 .0 0 x1 0 “” 1.45x10"® 2.30x10” 0.327 0.129
2.32x10"® 3.30x10“” 2.50x10“® 5.60x10” 0.074 0.414

5.01x10"* 5.70x10'” 5.06x10“® 1 .1 0 x1 0 “ 10 0.009 0.484
1.19x10“* 7.10x10"” 1 .2 0 x1 0 * 1.78x10“1° 0.003 0.602
2.64x10* 8.30x10“” 2 .8 6 x1 0 * 2.49x10"’“ 0.075 0 . 6 6 6

5.23x10"* 9.90x10'” 6.07x10* 3.18x10"’° 0.139 0.689
8.94x10"* 1 .1 1 x1 0 “1° 1.09x10“* 3.59x10“*° 0.176 0.690
1.83x10“* 1.40x10“10 2.31x10“* 4.21x10“’° 0.209 0 . 6 6 8

2.95x10“* 1 .6 8 x1 0 “*° 3.79x10“* 4.66x10“’° 0 . 2 2 2 0.640
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Table B-80. Adsorption of Mixtures of L77 and C8P
on the Powdered Polyethylene

Volume of solution -  40.00 mL, Fixed initial a L77 = 0.401 
Specific area of the polyethylene power, S-0.360 m2/gIsro CW.L77

(M)
Cw.C8 P

<M)
Powder

(fl)
C«q.L77

(M)
Ads. L77 
(mol/cm3)

5.00x10-* 2 .0 0 x1 0 "* 3.00x10** 0.5124 1.50x10-7 4.00x10-”

1.00x1 O'* 4.01 x10"* 5.99x10“* 0.5006 1.85x10’7 8.50x10-”

1.50x10-* 6 .0 2 x1 0 -* 8.98x10-* 0.5213 3.15x1 O’ 7 1.21x1 O’ 10

2 .0 0 x1 0 '* 8 .0 0 x1 0 "* 1 .2 0 x1 0 -* 0.4986 1.17x10“* 1.53x10_1°

3.00x10'* 1 .2 0 x1 0 "* 1.80x10* 0.5122 2.48x10"* 2.07x1 O’ 10

5.00x10* 2 .0 0 x1 0 "* 3.00x10’* 0.5201 7.18x10-* 2.75x1 O’ 10

1 .0 0 x1 0 “* 4.01x10’* 5.99x10* 0.4994 2.60x10-* 3.14x10-10

2 .0 0 x1 0 “* 8 .0 0 x1 0 * 1 .2 0 x1 0 -* 0.4937 6.49x10-* 3.44x10"’°
3.00x1 0“* 1 .2 0 x1 0 “* 1.80x10“* 0.5038 1.04x10"* 3.54x1 O’ 10

C«,.C8 P
(M)

Ads. C8 P
(mol/cm3)

C^. Total
(M)

Ads. Total
(mol/cm3) &L77 (eq.)

(bulk soln.)
Xcrr (eq.) 

(ads. layer)

1.48x10-* 3.30x10“11 1.63x10-* 7.30x10” 0.092 0.550
3.19x10-* 6 .2 0 x1 0 " 11 3.38x10-* 1.47x10-’° 0.055 0.577
5.29x10-* 7.90X10"11 5.60x10-* 2 .0 0 x1 0 -’° 0.056 0.606
7.71x1 O’* 9.50x10"” 8 .8 8 x1 0 "* 2.48x10-’° 0.132 0.616
1.32x10* 1.04x10"10 1.57x10"* 3.11x10’ ’° 0.158 0.666

2.47x10-* 1 .1 2 x1 0 "*° 3.19x10* 3.87x10"’° 0.225 0.710
5.45x10* 1 .2 0 x1 0 "*° 8.05x10* 4.34x10"’° 0.323 0.723
1.14x10“* 1.27x10"*° 1.79x10-* 4.71x10"’° 0.363 0.730
1.74x10“* 1.34x10"*° 2.78x10“* 4.88x10’° 0.375 0.725
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Table B-81. Adsorptions of Mixture of L77 and C8P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial aL77 = 0.551 
Specific area of the polyethylene power, S=0.360 mz/g

Cm. Total
(M)

Cm.L77
(M)

Cm. C8 P
m

Powder
(fl)

C*q.L77
<M)

Ads. L77 
(mol/cm2)

5.00x1 O'* 2.75x10" 6 2.25x10-* 0.5143 3.88x1 O' 7 5.10x10”

1 .0 0 x1 0 '* 5.51x10"* 4.49x10"* 0.5062 4.85x10'7 1 .1 0 x1 0 "1°

1.50x10'* 8.26x1 O'* 6.74x10-* 0.4992 1 .2 2 x1 0 "* 1.57x10" 10

2.50x10'* 1.38x10"* 1 .1 2 x1 0 '* 0.4985 4.15x10-* 2.15x1 O' 10

4.00x10"* 2 .2 0 x1 0 "* 1.80x10'* 0.5017 1 .1 0 x1 0 "* 2.45x1 O' 10

8 .0 0 x1 0 '* 4.41x10"* 3.59x10'* 0.5020 3.17x10'* 2.73x1 O' 10

1.50x10"* 8.26x10"* 6.74x10'* 0.5015 6.93x10'* 2.96x1 O' 10

2.25x10"* 1.24x10"* 1 .0 1 x1 0 "* 0.5012 1 .1 0 x1 0 "* 3.14x10'10

3.00x10"* 1.65x10"* 1.35x10"* 0.5007 1.50x10"* 3.32x10'10

C8 P
(M)

Ads. C8 P
(mol/cm2)

Caq. Total 
(M)

Ads. Total
(mol/cm2) Ctt77 (•<!-)

(bulk soln.)
Xi.77 (sq.)

(ads. layar)

1.45x10-* 1.70x10"” 1.84x10-* 6.80x10"” 0 . 2 1 1 0.749

3.18x10"* 2.90x10"” 3.67x10"* 1.39x10" 10 0.132 0.793
5.19x10"* 3.40x10"” 6.41x10-* 1.91x10"10 0.190 0.820

9.44x10"* 4.00x10"” 1.36x10"* 2.55x10"1° 0.305 0.843
1.59x10"* 4.50x10"” 2.69x10"* 2.90x10"10 0.408 0.845
3.34x10"* 5.50x10"” 6.52x10* 3.28x10"10 0.487 0.832
6.43x10"* 6.90x10"” 1.34x10"* 3.65x10"’° 0.519 0.812
9.74x10"* 8 .0 0 x1 0 "” 2.07x10"* 3.94x10" 10 0.530 0.796
1.31x10"* 9.10x10"” 2.81x10"* 4.23x1 O' 10 0.535 0.785
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Table B-82. Adsorption of Mixtures of L77 and C8P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial 04.77  = 0.672 
Specific area of the polyethylene power, S=0.360 m2/g

Cm. Total
(M)

Cm. L77
(M)

Cm. C8 P
(M)

Powder
(g)

C«q. L77
(M)

Ads. L77
(mol/cm2)

5.00x10-* 3.36x10“* 1.64x10“* 0.5204 8 .10 x 10“7 5.40x10’ 11

1 .0 0 x1 0 -* 6.72x10“* 3.28x10“* 0.5167 1.45x10“* 1.13x10“10

1.50x10-* 1 .0 1 x1 0 “* 4.90x10-* 0.5016 2.73x10-* 1.63x10“1°

2 .0 0 x1 0 * 1.34x10“* 6.56x10-* 0.4988 4.62x10-* 1.97x10“ 10

4.00x10“* 2.69x10“* 1.31x10'* 0.4993 1.56x10“* 2.51 x10“ 10

7.00x10“* 4.70x10“* 2.30x10“* 0.5107 3.44x10'* 2.74x10“ 10

1 .0 0 x1 0 “* 6.72x10“* 3.28x10“* 0.5011 5.44x10“* 2.84x10“10

1.75x10-* 1.18x10“* 5.70x10“* 0.5024 1.04x10"* 3.00x10“1°

2.50x10-* 1 .6 8 x1 0 -* 8 .2 0 x1 0 * 0.5006 1.54x10-* 3.09x10“10

Cm.C8 P
(M)

Ads. C8P
(mol/cm2)

Caq. Total
(M)

Ads. Total
(mol/cm2)

a L7 7 (eq.) 
(bulk soln.)

Xltt (oq.) 
(ads. layer)

1.25x10-* 8 .0 0 x1 0 “ 12 2.06x10“* 6.30x10“11 0.394 0.867
2.47x10-* 1.70x10“11 3.92x10“* 1.30x10“10 0.369 0.867
4.03x10“* 2.00x 10-11 6.76x10“* 1.83x10“10 0.404 0.892
5.62x10-* 2 .1 0 x1 0 “ 11 1 .0 2 x1 0 “* 2.18x10“10 0.451 0.904
1.19x10“* 2.70x10“11 2.75x10“* 2.78x10“10 0.567 0.902
2.14x10“* 3.40x10“11 5.58x10* 3.08x10“10 0.617 0.890
3.10x10“* 4.00x10- t 1 8.54x10“* 3.24x10“10 0.637 0.876
5.52x10“* 4.90x10“11 1.59x10“* 3.49x10“ 10 0.653 0.860
7.95x10“* 5.60x10“11 2.34x10“* 3.65x10“10 0.660 0.847
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Table B-83. Adsorption of Mixtures of L77 and C8P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial 01.77 = 0.799 
Specific area of the polyethylene power, Ss0.360 m2/g

0 9 1 Cini. L77 
(M)

Cw.C8P
(M)

Powder
(g)

C«q. L77
<M)

Ads. L77 
(mol/cm2)

5.00x1 O' 6 4.00x10"* 1 .0 0 x1 0 "* 0.5205 1.42x10"* 5.50x10"11

1 .0 0 x1 0 ' 5 7.99x10"* 2 .0 1 x1 0 -* 0.5144 2.47x10"* 1.19x10"’°

1.50x1 O' 5 1.20x10"* 3.00x10"* 0.5038 4.31x10"* 1.69x10"’°

2.50x10"* 2.00x10"* 5.00x10"* 0.4987 9.83x10"® 2.26x10"’°

4.00x10'5 3.20x10"* 8.00x10"* 0.5104 2.04x10 s 2.51x10"’°

6.00x10"* 4.79x10"* 1.21x10"* 0.5030 3.61 x10"5 2.61x10"’°

1.00x10“* 7.99x10"* 2.01x10"* 0.5014 6.76x10"* 2.74x10"’°

1.50x10“* 1.20x10“* 3.00x10"* 0.5105 1.07x10“* 2.85x10"’°

2.00x10“* 1.60x10“* 4.00x10"* 0.5006 1.46x10“* 2.96x10"’°

C«q. C8P 
(M)

Ads. C8P
(mol/cm2)

C^. Total
(M)

Ads. Total
(mol/cm2) a L77(eq.) 

(bulk soln.)
Xcn(eq.) 

(ads. layer)

7.50x10"7 5.00x10"’2 2.17x10"* 6.00x10"” 0.654 0.910

1.66x10"* 8.00x10"’2 4.13x10"* 1.27x10"’° 0.598 0.940

2.55x10"* 1.00x10” 6.86x10"* 1.80x10"’° 0.628 0.943

4.39x10"* 1.40x10"’’ 1.42x10"* 2.40x10"’° 0.691 0.941

7.16x10"* 1.90x10"” 2.76x10"* 2.70x10"’° 0.740 0.929

1.10x10* 2.30x10” 4.72x10"* 2.84x10"’° 0.766 0.920

1.89x10* 2.60x10” 8.65x10* 3.00x10"’° 0.781 0.913

2.88x10* 2.90x10"” 1.36X10"4 3.13x10"’° 0.787 0.908

3.88x10"* 3.10x10" 1.85x10-* 3.27x10"’° 0.791 0.905
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Table B>84. Adsorption of Mixtures of L77 and C8P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a L77 = 0.908 
Specific area of the polyethylene power, S=0.360 m2/g

Cini. Total
(M)

Cibl L77 
(M)

C^CSP
(M)

Powder
(fl)

C«q. L77
(M)

Ads. L77 
(mol/cm2)

3.00x10-* 2.72x10"* 2.80x1 O' 7 0.5116 1.37x10-® 2.90x1 O' 11

6.25x10-* 5.68x10-* 5.70x10'7 0.5042 2.25x10-* 7.50x10'"

1 .0 0 x1 0 -® 9.08x10-* 9.20x1 O' 7 0.4975 3.53x10-® 1.24x1 O' 10

1 .8 8 x1 0 -* 1.71x10"* 1.70x10"® 0.4881 8.25x10'* 2 .0 1 x1 0 -’°

3.75x10-* 3.41x10'* 3.40x1 O'® 0.5027 2.29x10'* 2.47x1 O' 10

6.25x10-* 5.68x10'* 5.70x10'® 0.4995 4.49x10* 2.64x1 O' 10

1 .0 0 x1 O' 4 9.08x10'* 9.20x1 O'® 0.5112 7.83x10'* 2.73x10'’°

1.25x1 O' 4 1.14x1c4 1 .1 0 x1 0 '* 0.5035 i . o i x i o -4 2.76x10'’°

1.50X1Q-4 1.36x1c4 1.40x10'* 0.5020 1.24x1 O' 4 2.79x10'’°

Cm,.C8 p
(M)

Ads. C8 P
(mol/cm2)

Cm,. Total 
<M)

Ads. Total
(mol/cm2)

a L7 7 (sq.) 
(bulk soln.)

Xlt7  (eq) 
(ads. layer)

1.91x1 O' 7 2 .0 0 x 1 0 " ’ 2 1.56x1C* 3.10x10" 0.878 0.941

4.60x1 O' 7 3.00x1 O' 12 2.71x10-* 7.80x10'" 0.830 0.968

7.88x1 O' 7 3.00x1 O ’ 2 4.32x10“* 1.27x10'’° 0.818 0.977

1.47x10-* 6 .0 0 x1 O' 12 9.71 x1 C * 2.07x10'’° 0.849 0.971

3.05x10“* 9.00x1 O' 12 2.59x10'* 2.56x10“’° 0.883 0.965

5.22x1C* 1 .2 0 x1 0 '" 5.01x10“* 2.76x10“’° 0.896 0.957

8.53x10-* 1.50x10'" 8 .6 8 x1 0 * 2.87x10“’° 0.902 0.949

1.07x10'* 1.70x10'” 1 .1 2 x1 0 “* 2.93x10“’° 0.904 0.943

1.29x10'* 2 .0 0 x1 0 " 1.36x10“* 2.99x10“’° 0.906 0.933
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Table B-85. Adsorption of Mixtures of L77 and C l OP
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a L77 = 0.064 
Specific area of the polyethylene power, S=0.360 m2/g

Cini. Total 
(M)

C,„,L77
(M)

Cinj. C10P 
(Ml

Powder
(g)

C«q. L77 
(M)

Ads. L77
(mol/cm2)

1.00x1 O’ 5 6.40x1 O' 7 9.36x10-* 0.5122 1 .1 0 x1 0 " 7 1 .1 0 x 1 0 ”

2.50x1 O' 5 1.60x10-* 2.34x10* 0.5031 8.20x1 O' 7 1.70x10'”

5.00x10-* 3.20x10-* 4.68x10* 0.5045 2.17x10-* 2.30x10-”

7.50x1 O’ 5 4.80x10-* 7.02x10"* 0.4984 3.52x10-® 2.90x10”

1.00x1 O' 4 6.40x10-* 9.36x10-* 0.5105 4.87x10-® 3.30x10”

2.00x1 O' 4 1.30x10-* 1.87X10-4 0.5014 1 .1 0 x1 0 '* 3.90x10”

3.00x1 O* 4 1.90x10** 2.81x10“* 0.5006 1.72x10'* 4.50x10”

4.00x1 O' 4 2.60x10‘* 3.74x10“* 0.5112 2.33x10'* 5.00x10'”

5.00x1 O’ 4 3.20x10-* 4.68x10“* 0.5020 2.92x10'* 6 .2 0 x1 0 ”

I C.q.ClOP
(M)

Ads. C10P
(mol/cm2)

hro

Ads. Total 
(motfcm2)

Cttn (eq.) 
(bulk soln.)

Xt.77 (eq.) 
(ads. layer)

8.98x10-* 8.00x1 O' 12 9.09x10-* 1.90x10'” 0 . 0 1 2 0.579

2.16x10'* 4.00x10'” 2.24x10* 5.70x10'” 0.037 0.303

4.22x10'* 1.02x1 O' 10 4.43x10* 1.25x1 O' 10 0.049 0.182

6 .1 1 x1 0 '* 2.04x1 O' 10 6.46x10* 2.33x1 O' 10 0.055 0.123

7.51x10'* 4.03x1 O' 10 8 .0 0 x1 0 * 4.36x10'10 0.061 0.076

1.35x10“* 1.15x10'* 1.46x10“* 1.19x10'* 0.075 0.033

2 .0 0 x1 0 “* 1.80x10'* 2.17x10“* 1.84x10'* 0.079 0.024

2.71x10“* 2.26x10'* 2.94x10“* 2.31x10'* 0.079 0 . 0 2 2

3.51x1 O' 4 2.60x10'* 3.80x10“* 2 .6 6 x1 0 '* 0.077 0.023
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Table B-86. Adsorption of Mixtures of L77 and C l OP
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a L77 = 0.158 
Specific area of the polyethylene power, S=0.360 m2/g

Cini. Total 
(M)

C,„l L77 
(M)

CmtClOP
(M)

Powder
(fl>

C*q. L77
(M)

Ads. L77
(mol/cm2)

1 .0 0 x1 0 ' 5 1.58x10-* 8.42x10-* 0.5246 9.78x10 7 1.30x10”

2.50x10-* 3.90x10-* 2 .1 1 x 1 0 * 0.5108 3.04x10-* 2.00x1 O’ 11

5.00x10-* 7.90x10-* 4.21x10’* 0.4954 6.77x10-* 2.50x10”

7.50x10** 1.19x10-* 6.31x10* 0.5023 1 .0 2 x1 0 * 3.60x10 '11

1 .0 0 x1 O' 4 1.58x10-* 8.42x10'* 0.5044 1.40x10** 4.00x10”

1.50x1 0"* 2.40x10-* 1.26x10~* 0.5031 2.15x10** 4.90x10-”

2 .0 0 x1 O’ 4 3.20x10'* 1 .6 8 x 1 0 "* 0.5012 2.87x10* 6.40x10'”

3.00x1 O' 4 4.70x10* 2.53x1 O' 4 0.5009 4.41x10’* 7.40x10’”

5.00x10~* 7.90x10-* 4.21 x10~* 0.5010 7.52x10* 8.40x10”

Cgq. C10P 
(M)

Ads. C10P
(mol/cm2)

Caq. Total 
(Ml

Ads. Total
(mol/cm2)

Ctt 77 (eq.) 
(bulk soln.)

Xc77 (sq.) 
(ads. layer)

8.04x10-* 8.00x1 O' 12 9.02x10-* 2 .1 0 x 1 0 - ” 0.108 0.610

1.93x10’* 3.90x10"” 2.23x10* 5.90x10-” 0.136 0.338

3.75x10* 1.04x10-1° 4.43x10* 1.29x10-’° 0.153 0.196

5.35x10** 2.13x10"1° 6.37x10* 2.49x10-’° 0.160 0.146

6.57x10** 4.08x1 O’ 10 7.97x10* 4.48x10"’° 0.175 0.090

9.21x10-* 7.56x10-’° 1.14x10"* 8.05x10-’° 0.189 0.061

1.17x10"* 1.13x10-° 1.46x10"* 1 .2 0 x1 0 '* 0.197 0.053

1.81x10"* 1.58x10-* 2.25x10"* 1.65x10"* 0.196 0.045

3.32x10"* 1.98x10-* 4.07x10"* 2.06x10-* 0.185 0.041
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Table B-87. Adsorption of Mixtures of L77 and C10P
on the Powdered Polyethylene

Volume of solution -  40.00 mL, Fixed initial a U77 = 0.271 
Specific area of the polyethylene power, S=0.360 m2/g

Cm . Total
(M)

C,„,L77
(M)

0.eo
sco

Powder
(g)

C«,.L77
<M)

Ads. L77 
(mol/cm2)

7.50x1 O'* 2.03x10-* 5.47x10-* 0.5109 3.58x1 O' 7 3.60x10”

1.50x1 O' 5 4.10x10-* 1.09x10'* 0.5065 1.24x10-* 6 .2 0 x1 0 ' ”

2.50x1 O' 5 6.80x10-* 1.82x10-* 0.4977 3.40x10** 7.50x10”

5.00x1 O' 5 1.36x10"* 3.64x1 O'* 0.5021 9.65x10-* 8.60x10'”

1.00x1 O' 4 2.71 x10' 5 7.29x10-* 0.4995 2.36x10* 7.80x10”

1.50x1 O' 4 4.10x10-* 1.09x10“* 0.5122 3.67x10'* 8.50x10'”

2.00x1 O' 4 5.40x10'* 1.46x10“* 0.5017 5.01x10'* 9.20x10'”

3.00x10“* 8 .1 0 x1 0 * 2.19x10-* 0.5005 7.69x10* 9.90x10”

5.00x1 O' 4 1.36x1 O’ 4 3.64x10“* 0.5032 1.31x10“* 1 .0 1 x1 0 -’°

C^.C10P
(M)

Ads. C10P
(mol/cm2)

Caq. Total 
(M)

Ads. Total
(mol/cm2) a L77(eq) 

(bulk soln.)
XL77(sq.) 

(ads. layer)

4.64x10-* 1.80x10'” 5.00x10-* 5.40x10'” 0.072 0.669

9.50x10-* 3.10x10"” 1.07x10"* 9.30x10-” 0.115 0.663

1.54x10'* 6.40x10'” 1 .8 8 x1 0 * 1.39x10-’° 0.181 0.540

2 .8 8 x1 0 -* 1.69x10-’° 3.85x10* 2.55x10-’° 0.251 0.338

5.74x10'* 3.46x10*’° 8.09x10"* 4.24x10-’° 0.291 0.185

8.90x10“* 4.41x10-’° 1.26x10“* 5.26x10-’° 0.292 0.162

1 .2 0 x1 0 “* 5.70x10-’° 1.70x10“* 6.62x10-’° 0.294 0.139

1.80x10“* 8.60x10-’° 2.57x10“* 9.59x10-’° 0.299 0.103

2.96x10“* 1.50*1 Or* 4.27x10“* 1.60x10-° 0.307 0.063
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Table B-88. Adsorption of Mixtures of L77 and C10P
on the Powdered Polyethylene

Volume of solution -  40.00 mL, Fixed initial a L77 = 0.401 
Specific area of the polyethylene power, S=0.360 m2/g

Cini. Total 
(M)

Cm. L77
(M)

Ch*C10P
(M)

Powder
(g)

Ctq. L77 
(M>

Ads. L77
(mol/cm2)

7.50x1 O' 6 3.01x10“® 4.49x10“® 0.5202 8.45x10“ 7 4.60x10“11

1.50x10“* 6 .0 2 x 1 0 "® 8.98x10“® 0.5148 2.94x10“® 6.60x10“"

2.50x1 O' 5 1 .0 0 x 1 0 “* 1.50x10* 0.5033 6.40x10“® 8 .0 0 x1 0 “’’

5.00x10-* 2 .0 0 x 1 0 “* 3.00x10* 0.5111 1.62x10“5 8.50x10“11

I.OOxlO- 4 4.01x10“* 5.99x10* 0.4985 3.61x10“* 9.00x10“ 11

1.50x1 O' 4 6 .0 2 x 1 0 * 8.98x10* 0.5042 5.57x10“* 9.80x10“11

2.00x1 O’ 4 8.08x10“* 1 .2 0 x1 0 “* 0.5015 7.53x10“* 1.09*10“’°

3.00x10“* 1 .2 0 x 1 0 “* 1.80x10“* 0.5020 1.15x10“* 1.15x10“10

4.00X1Q- 4 1.60x10“* 2.40x10“* 0.5038 1.55x10“* 1 .2 2 x1 0 “ 10

C«,.C10P
(M)

Ads. C10P 
(mol/cm2)

Caq Total 
(M)

Ads. Total
(mol/cm2) CtL7r(«q.) 

(bulk soln.)
Xt77 (eq.) 

(ads. layer)

3.92x10“* 1 .2 0 x 1 0 “" 4.77x10“® 5.80x10“" 0.178 0.789

7.55x10“* 3.10x10“" 1.05x10* 9.70x10“" 0.280 0.682

1 .2 1 x1 0 “* 6.30x10“" 1.85x10“* 1.43x10“’° 0.346 0.558

2.36x10“* 1.39x10* 10 3.97x10* 2.24x10“’° 0.407 0.379

4.69x10* 2.91 x10“ 10 8.29x10* 3.81x10“’° 0.435 0.236

7.20x10“* 3.93x10“ 10 1.28x10“* 4.91x10“’° 0.436 0.199

9.72x10“* 5.00x10“’° 1.73x10“* 6.09x10“’° 0.436 0.178

1.48x10“* 6.92x10“10 2.64x10“* 8.07x10“’° 0.437 0.143

2 .0 2 x1 0 “* 8.38x10“10 3.56x10“* 9.60x10“’° 0.434 0.127
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Table B-89. Adsorption of Mixtures of L77 and C10P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial aL77 = 0.554 
Specific area of the polyethylene power, S=0.360 m2/g

Cuti. Total
(M)

C(n,L77
(M)

ChH.C10P
(Ml

Powder
(g)

C*q. L77
(M)

Ads. L77
(mol/cm2)

7.50x10-* 4.16x10-* 3.34x10-* 0.5124 1.99x10"* 4.70x1 O' 11

1 .0 0 x1 0 ‘ 5 5.54x10-* 4.46x10-* 0.5226 2.72x10"* 6 .0 0 x1 0 ”

1.50x1 O’ * 8.31x10-* 6.69x10-* 0.4975 4.69x10-* 8 .1 0 x1 0 -”

2 .0 0 x1 0 " 5 1 .1 1 x1 0 -* 8.90x10-* 0.5027 6.43x10-* 1.03x10-’°

3.00x10'* 1 .6 6 x1 0 -* 1.34x10* 0.4896 1.13x10'* 1 .2 0 x1 0 "’°

5.00x10* 5 2.77x10-* 2.23x10* 0.5103 2.13x10'* 1.40x10-’°

1 .0 0 x1 0 -* 5.54x10* 4.46x10’* 0.5012 4.80x10'* 1.64x10'’°

2 .0 0 x1 0 -* 1 .1 1 x1 0 ** 8.90x10* 0.5009 1 .0 2 x 1 0 ** 1.87x10’ ’°

3.00x10-* 1 .6 6 x1 0 -* 1.34x10-* 0.5004 1.57x10-* 2.04x10*’°

C„.C10P
<M)

Ads. C10P 
(mol/cm2)

CH  Total 
(M)

Ads. Total
(mol/cm2) &L77 (eg*)

(bulk soln.)
Xlt7 (eq.) 

(ads. layer)

2.93x10"* 9.00x1 O' 12 4.92x10-* 5.60x10'” 0.405 0.838

3.53x10-* 2 .0 0 x1 0 *” 6.25x10** 8 .0 0 x1 0 ” 0.435 0.751

4.85x10-* 4.10x10'” 9.54x10"* 1.22x1 O' 10 0.491 0.664

6.27x10-* 5.90x10'” 1.27x10’ * 1.62x1 O' 10 0.506 0.637

9.33x10-* 9.20x10’” 2.07x10’ * 2 .1 2 x1 0 ’ ’° 0.549 0.566

1.65x10'* 1.27x10’ ’° 3.77x10’* 2.67x1 O' 10 0.564 0.523

3.62x10'* 1 .8 6 x1 0 "’° 8.42x10* 3.50x10’ ’° 0.570 0.468

7.68x10’* 2.75x1 O’ 10 1.79x10-* 4.62x10*’° 0.571 0.406

1.18x10"* 3.61 x10’ 10 2.75x10-* 5.65x10'’° 0.572 0.361

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



288

Table B-90. Adsorption of Mixtures of L77 and C10P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a L77 = 0.690 
Specific area of the polyethylene power, S=0.360 m2/g

Cini. Total
<M)

C|„j. L77 
(M)

CI(1|.C10P
m

Powder
(a)

C«q. L77 
(M)

Ads. L77 
(mol/cm2)

7.50x10-* 5.17x10-* 2.33x10-* 0.5014 2.76x10"* 5.30x10*"

1 .0 0 x1 0 ' 5 6.90x10-* 3.10x10"* 0.4995 3.83x10-* 6.80x10 n

1.50x1 O' 5 1.04x10“* 4.60x10-® 0.4964 5.98x10® 9.80x10”

2 .0 0 x1 0 ' 5 1.38x10"5 6 .2 0 x 1 0 -* 0.5145 8.40x10® 1.17x10"10

3.00x10‘ 5 2.07x10 '5 9.30x10-* 0.5088 1.42x10'* 1.43x10*’°

5.00x10‘ 5 3.45x10-* 1.55x10-* 0.4975 2 .6 8 x1 0 '* 1.71x10*’°

I.OOxlO*4 6.90x1 O'* 3.10x10* 0.5024 5.99x10* 2 .0 2 x1 0 "’°

1.50x10-“ 1.04x10"“ 4.60x10-* 0.5120 9.30x10'* 2.28x10"’°

2 .0 0 x1 0 "* 1.38x10"* 6.20x 10"5 0.5013 1.27x10*“ 2.48x10*’°

0.©O
S

o

Ads. C10P 
(mol/cm2)

C«q. Total 
(M)

Ads. Total
(mol/cm2) CXL77 (•<!•) 

(bulk soln.)
Xctt (eg.) 

(ads. layer)

1.91x10-* 9.00x10“ 12 4.67x10“* 6 .2 0 x1 0 ' ” 0.592 0.852

2.17x10“* 2 .1 0 x1 0 -" 5.99x10“* 8.90x10“" 0.639 0.767

2.81x10-* 4.10x10-" 8.79x10-* 1.39x10“’° 0.680 0.704

3.55x10-* 5.70x10“" 1 .2 0 x 1 0 -* 1.74x10“’° 0.703 0.671

6 .0 0 x1 0 “* 7.20x10” 2 .0 2 x 1 0 * 2.15x10“’° 0.702 0.665

1.14x10“* 9.10x10" 3.82x10'* 2.62x10“’° 0.701 0.653

2.51x10“* 1.30x10“’° 8.50x10* 3.32x10“’° 0.704 0.608

3.87x10* 1.70x10“’° 1.32x10-“ 3.98x10“’° 0.706 0.574

5.27x10* 2.07x10“’° 1.79x10"* 4.55x10“’° 0.707 0.546
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Table B-91. Adsorption of Mixtures of L77 and C10P
on the Powdered Polyethylene

Volume of solution = 40.00 mL, Fixed initial a L77 = 0.855 
Specific area of the polyethylene power, S=0.360 m2/g

C,nL Total 
(M)

Cim. L77 
(M)

0.00
1r0

Powder
(fl)

C«q. L77
(M)

Ads. L77 
(mol/cm2)

7.50x1 O' 6 6.41x10-* 1.09x10* 0.4963 3.24x10-* 7.10x10-”

1 .0 0 x1 O' 5 8.55x10** 1.45x10-* 0.5141 4.40x10-* 9.00x10”

1.50x10"* 1.28x10-* 2 .2 0 x 1 0 ** 0.4888 7.30x10-® 1.26x10‘ 1°

2 .0 0 x1 0 5 1.71x10-* 2.90x10** 0.5056 1.07x10'* 1.41x1 O' 10

3.00x10-* 2.57x10-* 4.30x10* 0.4972 1.81x10'* 1.69x1 O' 10

5.00x10'* 4.28x10* 7.20x10"* 0.5021 3.36x10'* 2.03x1 O' 10

1 .0 0 x1 0 -* 8.55x10* 1.45x10'* 0.5004 7.49x10* 2.35x10-’°

1.50x10-* 1.28x10-* 2 .2 0 x 1 0 -* 0.5018 1.17x10"* 2.47x10-’°

2 .0 0 x1 0 -* 1.71x10-* 2.90x10* 0.5033 1.59x10-* 2.55x10-’°

C«,.C10P
<M)

Ads. C10P
(mol/cm2)

Caq. Total 
(M )

Ads. Total
(mol/cm2) CIltt (e<|*) 

(bulk soln.)
Xct7  (eq.) 

(ads. layar)

8.49x10" 7 5.00x10" 12 4.09x10-* 7.60x10"” 0.792 0.930

1 .0 2 x1 0 -* 9.00x10" 12 5.42x10-* 9.90x10'” 0.813 0.905

1.34x10"* 1.90x10"” 8.64x10-* 1.45x10-’° 0.845 0 . 8 6 8

1.29x10"* 3.50x10"” 1 .2 0 x 1 0 * 1.76x10-’° 0.893 0.799

2 .1 1 x1 0 -® 5.00x10'” 2 .0 2 x 1 0 * 2.19x10-’° 0.895 0.771

4.43x10"* 6.30x10-” 3.80x10* 2 .6 6 x1 0 *’° 0.884 0.765

1 .1 1 x1 0 "* 7.50x10*” 8.60x10* 3.10x10’° 0.871 0.758

1.79x10'* 8.50x10"” 1.35x10-* 3.32x10-’° 0.867 0.745

2.48x10"* 9.30x10” 1.84x10-* 3.48x10"’° 0.865 0.733
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Figure B -i. Surface Tension of L77, C4P and Their Mixtures

at Air/Aqueous Solution Interface

Phoaphate Buffer Solution, pH*7.00, 25 °C 
(a: mole fraction of L77 in the solution phase)
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Figure B-2. Surface Tension of L77, CHP and Their Mixtures

at Air/Aqueous Solution Interface

Phoaphata Buffar Solution, pH«7.00,25 °C 
(a: mola fraction of L77 in tha solution phasa)
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Figure B-3. Surface Tension of L77, C6P and Their Mixtures

at Air/Aqueous Solution Interface

Phosphate Buffer Solution, pH*7.00,25 °C 
(a: mole fraction of L77 in the solution phase)
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Figure B-4. Surface Tension of L77, C2,6P and Their Mixtures

at Air/Aqueous Solution Interface

Phosphate Buffer Solution, pH*7.00,25 °C 
(a: mole fraction of L77 in tho solution phase)
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Figure B-5. Surface Tension of L77, C8P and Their Mixtures

at Air/Aqueous Solution Interface

Phosphate Buffer Solution, pH*7.00,25 °C 
(a: mole fraction of L77 in the solution phase)
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Figure B-6. Surface Tension of L77, C l OP and Their Mixtures

at Air/Aqueous Solution Interface

Phosphate Buffer Solution, pH*7.00,25 °C 
(a: mole fraction of L77 in the solution phase)
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Figure B-7. Adhesion Tension of L77, C4P and Their Mixtures

on Polyethylene Substrate

Phosphate Buffer Solution, pH*7.00,25 °C 
(a: mole fraction of L77 in the solution phase)
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Figure B-8. Adhesion Tension of L77, CHP and Their Mixtures

on Polyethylene Substrate

Phosphate Buffer Solution, pH*7.00,25 °C 
(a: mole fraction of L77 in the solution phase)
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Figure B-9. Adhesion Tension of L77, C6P and Their Mixtures

on Polyethylene Substrate

Phosphate Buffer Solution, pH*7.00,25 °C 
(a: mole fraction of L77 in the solution phase)
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Figure B-10. Adhesion Tension of L77, C2,6P and Their Mixtures

on Polyethylene Substrate

Phosphate Buffer Solution, pH*7.00,25 °C 
(a: mole fraction of L77 in the solution phase)
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Figure B -l 1. Adhesion Tension of L77, C8P and Their Mixtures

on Polyethylene Substrate

Phosphate Buffer Solution, p H *7 .00 ,25 °C 
(a: mole fraction of L77 in the solution phase)
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Figure B>12. Adhesion Tension of L77, C10P and Their Mixtures

on Polyethylene Substrate

Phoaphata Buffer Solution, pH*7.00,25 °C 
(a: mole fraction of L77 in the solution phase)
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Figure B-13. Adsorption Isotherms of L77, C4P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (Xl77=0.034)

(In Phosphate Buffer Solution, pH»7.00)

3.SO

3.00

2.SO

2.00 •

1.S0

1.00

0.50

0.00

f

Total adsorption 
O L77 Individual 

L77 in mixture 
O C4P Individual 
O C4P in mixture

0.0000 0.0005 0.0010 0.001 s 0.0020 0.002S

’ •q. (M)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



303

Figure B-14. Adsorption Isotherms of L77, C4P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (Xl77=0.137)

(In Phosphate Buffer Solution, pH»7.00)
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Figure B-15. Adsorption Isotherms of L77, C4P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial CCl7t=0.243)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B -I6 . Adsorption Isotherms of L77, C4P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (Xltt=0>353)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-17. Adsorption Isotherms of L77, C4P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial GClt7=0.503)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-18. Adsorption Isotherms of L77, C4P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial CXltt=0.634)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-19. Adsorption Isotherms of L77, C4P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial 0Clt7=0.819)

(In Phosphate Buffer Solution, pH»7.00)
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Figure B-20. Adsorption Isotherms of L77, CHP and Their
Mixtures onto Powdered Polyethylene

(Fixed initial aL77=0.067)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-21. Adsorption Isotherms of L77, CHP and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (Xl77=0.I36)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-22. Adsorption Isotherms of L77, CHP and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (X l t H I .2 8 5 )

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-23. Adsorption Isotherms of L77, CHP and Their
Mixtures onto Powdered Polyethylene

(Fixed initial U ltpOJJS)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-24. Adsorption Isotherms of L77, CHP and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (Xlt7=0.602)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-25. Adsorption Isotherms of L77, CHP and Their
Mixtures onto Powdered Polyethylene

(Fixed initial O t L r r = 0 . 7 1 2 )

(In Phosphate Buffer Solution, pH*7.00)

3.50

3.00

2.50

2.00

1.50

1.00

OJO

0.00
0.00000 0.00005 0.00010 0.00015 0.00020 0.00025

C«q. (M)

Total adsorption 
L77 Individual 
L77 in mixture 
CHP Individual 
CHP in mixture

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ps
l X

IO
 

(m
ol

/c
m

)

315

Figure B-26. Adsorption Isotherms of L77, CHP and Their
Mixtures onto Powdered Polyethylene

(Fixed initial < X ltt= 0 .850 )

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-27. Adsorption Isotherms of L77, C6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (X l77=0.039)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-28. Adsorption Isotherms of L77, C6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial <Xl77=0. I72)

(In Phosphate Buffer Solution, pH«7.00)
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Figure B-29. Adsorption Isotherms of L77, C6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial aL77=0.269)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-30. Adsorption Isotherms of L77, C6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (Xl77=0.441)

(In Phosphate Buffer Solution, pH*7.00)

4.00

3.50

3.00

2.50

2.00

1.50

1.00

0.50

0.00

Total adsorption 
O L77 Individual 

L77 in mixture 
O C6P Individual 
O C6P in mixture

0.0000 0.0001 0.0002 

C .q . (M )
0.0003

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



fs
LX

IO
 

(m
o

l/
c

m
)

320

Figure B -3I. Adsorption Isotherms of L77, C6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (Xl77=0.595)

(In Phosphate Buffer Solution, pH«7.00)
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Figure B-32. Adsorption Isotherms of L77, C6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial aL77=0.75l)

(In Phosphate Buffer Solution, pH»7.00)

3.so

3.00 -

2 .S 0

2.00

1 .S 0

1.00

0 .S 0

0.00

Total adsorption 
O L77 Individual 

L77 in mixture 
O C6P Individual 
*  C6P in mixture

I I I I I I | I

0 . 0 0 0 0 0  0 . 0 0 0 0 5  0 .0 0 0 1 0

c

i i r "1 * i i
0 .0 0 0 1 S  0 .0 0 0 2 0

>*q. (M)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



322

Figure B-33. Adsorption Isotherms of L77, C6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (XltH I.877)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-34. Adsorption Isotherms of L77, C2,6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial aL77=0.036)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-35. Adsorption Isotherms of L77, C2,6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial 0 ^ .1 1 5 )

(In Phosphate Buffer Solution, pH»7.00)
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Figure B-36. Adsorption Isotherms of L77, C2,6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (X ltt= 0 .2 4 6 )

(In Phosphate Buffer Solution, pH»7.00)

E
o
E

x
.n

4.50

4.00 -

3.50 -

3.00 -

2.50 -

2.00

1.50 •

1.00

0.50

0.00

Total adsorption 

L77 Individual 
L77 in mixture 

C2.6P Individual 
C2.6P in mixture

0.0001 0.0002 0.00030 . 0 0 0 0 0.0004

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



326

Figure B-37. Adsorption Isotherms of L77, C2,6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (Xl77=0.415)

(In Phosphate Buffer Solution, pH»7.00)
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Figure B-38. Adsorption Isotherms of L77, C2,6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial 01lt7=0.530)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-39. Adsorption Isotherms of L77, C2,6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial aL7T=0.672)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-40. Adsorption Isotherms of L77, C2,6P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (X l7t=0.836)

(In Phosphntn Buffer Solution, pH*7.00)
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Figure B-41. Adsorption Isotherms of L77, C8P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial a L77=0.094)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-42. Adsorption Isotherms of L77, C8P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial <Xl77=0.244)
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Figure B-43. Adsorption Isotherms of L77, C8P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial GtL77=0.401)

(In Phosphate Buffer Solution, pH»7.00)
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Figure B-44. Adsorption Isotherms of L77, C8P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial OtLr7=0.55t)

(In Phosphate Buffer Solution, ptW.OO)
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Figure B-45. Adsorption Isotherms of L77, C8P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (Xlt7=0.672)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-46. Adsorption Isotherms of L77, C8P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial <Xlt7=0 .7 9 9 )

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-47. Adsorption Isotherms of L77, C8P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (Xlt7=0.908)

(In Phosphate Buffer Solution, pH»7.00)
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Figure B-48. Adsorption Isotherms of L77, C10P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial CXl77=0-064)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-49. Adsorption Isotherms of L77, C10P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (Xlt7=0.158)

(In Phosphate Buffer Solution, pH»7.00)
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Figure B-50. Adsorption Isotherms of L77, C l OP and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (Xl77=0.271)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-51. Adsorption Isotherms of L77, C10P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (Xl77=0.401)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-52. Adsorption Isotherms of L77, C10P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (Xltt=0.554)

(In Phosphate Buffer Solution, pH*7.00)
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Figure B-53. Adsorption Isotherms of L77, C10P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial CX,ltt=0.690)

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-54. Adsorption Isotherms of L77, C10P and Their
Mixtures onto Powdered Polyethylene

(Fixed initial (X ltt= 0 .8 5 5 )

(In Phosphate Buffer Solution, pH=7.00)
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Figure B-55. Plots of T sutoui v s .  LnC for L77, C4P
and Their Mixtures

In Phosphate Buffer Solution, pH*7.00 
(a: mole fraction of L77 in the solution phase)
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Figure B-56. Plots of T suto ui v s . LnC for L77, CHP
and Their Mixtures

In Phosphate Buffer Solution, pH*7.00 
(a: mole fraction of L77 in the solution phase)
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Figure B-57. Plots of T s u T o ia iL n C  for L77, C6P
and Their Mixtures

In Phosphate Buffer Solution, pH=7.00 
(a: molo fraction of L77 in tho solution phase)
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Figure B-58. Plots of T s l . to u i  v s . LnC for L77, C2,6P
and Their Mixtures

In Phosphate Buffer Solution, pH*7.00 
(a: mole fraction of L77 in the solution phase)
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Figure B-59. Plots of r sutoui vs. LnC for L77, C8P
and Their Mixtures

In Phosphate Buffer Solution, pH>7.00 
(a: mole fraction of L77 in the solution phase)
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Figure B-60. Plots o f T s l t o u i v s .  LnC for L77, C10P
and Their Matures

In Phosphate Buffer Solution, pH*7.00 
(a: mole fraction of L77 in the solution phase)
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Figure B-61. Plots of J[Sl  v s . LnC for L77, C4P
and Their Mixtures

In Phosphate Buffer Solution, pH=7.00 
(a: mole fraction of L77 in the solution phase)
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Figure B-62. Plots of JCsl vs. LnC for L77, CHP
and Their Mixtures

In Phosphate Buffer Solution, pH»7.00 
(a: mole fraction of L77 in the solution phase)
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Figure B-63. Plots of T Is l  v s . LnC for L77, C6P
and Their Mixtures

In Phosphate Buffer Solution, pH>7.00 
(a: mole fraction of L77 in the solution phase)
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Figure B-64. Plots of TCsl v s . LnC for L77, C2,6P
and Their Mixtures

In Phosphate Buffer Solution, pH*7.00 
(a: mole fraction of L77 in the solution phase)
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Figure B-65. Plots of TCsl vs. LnC for L77, C8P
and Their Mixtures

In Phosphate Buffer Solution, pH*7.00 
(a: mole fraction of L77 in the solution phase)
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Figure B-66. Plots of T C s l  v s .  LnC for L77, C10P
and Their Mixtures

In Phosphate Buffer Solution, pH*7.00 
(a: mole fraction of L77 in the solution phase)
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Appendix I 
Analysis of Experimental Errors

1. A | T|_a  I Max- r ,  = - nRT
( < * /» 'I 
^dlnC )T

d r LA max
arLA

ST 

1 cIYla
nRT2 dlnC

• A 7  + 

• A f  +

arLA
LA

SYla

1 d ar M

ar,LA

dC
AC

1 1 <1Yia
nRT T d InC

nRT  (d lnC )2

d 2YLA

-1
LA

dlnC , &Yla +
1

A f  +
(dlnC)

d / LA

dlnC

-1
&Yla +

nRT (dlnC)2
i . AC

(dlnC)2
AC
C

Where: R = 8.3143x107 erg-K*1 mol*1, T = 298.2 K;

n= 1 for nonionic surfactants

=14.5;
dlnC  j T

AT = 0.5K J

= 0.5; ^ £  = 2 x 1 0 2
(dlnC )2 C

A^la =0.5 m N /m

dr]
m*‘ 8.3143 x 107 x 298.2

1

14 5 O *5
—  x0.5 + 0 . 5 x - ^ -  + 0 .5 x2 x1 0 '2 
298 14.5

2.48x10 10
(0.024 + 0.017 + 0.01) = 2.06 x 10 12 (mol I cm2)

drLA|^ - x 100% =
LA

2.06 x 1 Q 12

2.52 x10 '10
x 100% = 0.817%
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2. A I T s l I Max* r SL =
[Cln. - c Eq ) v

w

(1) UV Absorbance Measurements: ABS = ebC

r SL =
(ABSm -  ABSEq) 

e-W  b

|ln r SL I = |ln( ABSm -  ABS„ ,  | + |ln V\ + jln s\ + |ln W\ + Jin b|

Al~SL aABSmi + AASSm aV a * AW &b

SL ABSm -A B S W

Where AABSin, =AABSeq =0.002; ABSin,=1.465; ABS«,=0.848 

AV=0.05ml; V=40.00ml; Ae = 55 M'1 cm'1 

e = 6125 M'1 cm '1; AW = 0.0001 g; W = 0.5000 g; Ab = 0

^  ,10,% +m  + 00001|x100% = 1 49%
Si. 1.465 -  0.848 40.0 6125 0.5000

(2) Two Phases Titration:

c M il - -  •Vvo
C - C x ^ -

69 vn '

r SL = .v .  .<v - v )  
w v„ w  1 ’ 2>
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ATS, A V, +  A V2 A C  AV0 A V  A W St. = ----1------- £- + ----- +  2- + ----- H--------
rSL v, - v 2 c v0 v w

Where AVi=AV2=0.10 ml; Vi=32.45 ml, V2=18.20ml

AV0=0.02ml, V0=20.00 ml; AV=0.05ml, V=40.00ml 

AW=0.0001 g, W=0.5000 g; AC=0

Arc, ( 0.10 + 0.10 0.02 0.02 0.0001 —  X 1 00% = ------------------- H---------- +  + -----------rst 132.45 -18.20 20.00 40.00 0.5000)

a f

X100% = 1.42%

Total; r3L|^  x 100% = 1.49% +1.42% = 2.91 %
r *

When Tsl s 2.72x 10'10 mol/cm2

AI Tsl I maxs 7.9x1 O'12 mol/cm2

3. A I fsA I Mu' 1 d j / L A  cos 3) 
*• nRT d\r\C

AFsAlm*. -A lrs tlm a , + nRT
■x A

d(yLA COS0)
d\nC

= 7.9x10"12 + 1
8.3143 x107x 298.2 

= 1.2x 10 '11(m o//cm 2).

max

x0.1
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Appendix II 

Fitted Polynomial Functions for the Curves of TSl vs. LnC

1. L77-C4P System

aL77=1 -000 y=-9.757-2.690x-0.145xi 

aL77=0.611 ys-14.500-3.820x-0.280x2. 

aL77=0.313 y=-16.961-4.561 X-0.252X2, 

aL77=0.110 y=26.321+4.229x+0.169xi 

aL77=0.000 y=5.461+0.837x+0.032x2

2. L77-CHP System

aU77=0.838 ys-10.094-2.948x-0.159x2. 

aL77=0.581 ys-4.673-1.901x-0.115x2. 

aL77=0.253 ys3.645-0.578x -0.065X2. 

aL77=0.058 ys2.998-0.521x -0.069X2.

3. L77-C6P System

aL77=0.868 ys-2.490-1.372x-0.086x2, 

au77-0.574 ys-6.364-2.215x-0.128x2, 

aL77=0.243 y=6.980+0.109x-0.027x2, 

ocU77=0.028 ys9.865-1.022x-0.0225x2.

aL77-0.805 ys-12.618-3.229x-0.174x2 

aLT7=0.473 ys-12.377-3.470x-0.193x2 

aL77=0.209 ys-l9.592-5.454x-0.316x2 

aL77*0.029 ys4.874+0.128x-0.028x2

au77=0.694 ys-l2.270-3.307x-0.179x2 

aL77=0.407 ys-4.747-2.228x-0.144x2 

aL77=0.115 ys-3.817-2.270x-0.168x2 

aL77=0.000 ysl0.597+1.593x+0.060x2

aL77=0.735 y=-7.590-2.365x-0.133X2 

ocl77=0.417 ys-2.283-1.578x-0.104x2 

aL77=0.152 y=10.144+0.837x+0.0095x2 

aL77=0.000 ys-2.312-1.070x-0.0684x2
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4. L77-C2.6P System

aL77=0.823 y=-3.047-1.570x-0.0982x2, 

au77=0.503 ys-1.787-1.709x-0.117x2. 

aL77=0.220 y=8.584+0.510x-0.0054x2, 

aL77=0.025 y=9.542+1.013x+0.0225x2.

5. L77-C8P System

aL77=0.906 ys-6.906-2.246x-0.128x2. 

aL77=0.660 ys-1.251-1.340x-0.09Hx2, 

aL77=0.375 ys4.464-0.555x-0.0621x2. 

aL77=0.085 ys6.150+0.0194X-0.035X2,

6. L77-C10P System

aL77=0 865 ysO.775—1.017X-0.0822X2, 

aL77=0.572 ys25.412+3.267x+0.102x2. 

aL77=0.307 ys28.568+3.857x+0.128x2„

at77=0.077 y=378.46+70.035x+3.231 x2,

cxL7 7= 0 .650  y s -4.258-1 988x-0.123x2 

aL77=0.381 y=3.498-0.768x-0.0738x2 

au77s0.097 ysgjie+O.SSOx+O.OUIx2 

aL77=0.000 y=16.064+2.252x+0.0773x2

aL77=0.791 ys-5.927-2.314x-0.125x2 

a u77=0.535 ys3.247-0.574x-0.0578x2 

a L77=0.222 y=12.288+1.064X+0.0122X2 

aL77=0.000 ys-4.757-1.724x-0.103x2

a L77s0.707 ysl 7.042+1.801 X+0.039X2 

aL77=0.434 y=83.43+14.118X+0.602X2 

a L77=0.185 y=255.8+46.172x+2.079x2 

a L77s0.000 ys62.489+9.799x+0.385x2
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